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Abstract 
The oxygen reduction reaction (ORR) is the four electron and four proton reaction with 
oxygen to form water. This reaction, while very exothermic (-474 kJ/mol), remains a difficult 
reaction to harness due to the high O-O bond strength (485 kJ). Many proteins in nature couple 
the ORR to various substrate oxidations in order to provide energy, such as in respiration. 
Commercially, the ORR is important in a large number of systems, chiefly as the cathode 
reaction in a polymer electrolyte membrane fuel cell (PEMFC). While fuel cells have been in use 
since in their modern form since the 1960s, they are still not widely employed. The main factor 
preventing fuel cell proliferation is the high overpotentials for the ORR, the cathode reaction. 
Cathodes are typically constructed with Pt based catalysts, which exhibit ~300 mV of 
overpotential, leading to high loading of Pt and therefore large costs for the fuel cell stack.  
Using Nature as an inspiration, this dissertation explores the fundamental reaction 
mechanism of the oxygen reduction reaction as electrocatalyzed by copper complexes. The 
second chapter focuses on two similar complexes, [CuTPA]
2+
 (TPA = tris(2-
pyridylmethyl)amine) and [Cu2bistripic]
2+
 (bistripic = 1,2-bis(6-(bis(6-methylpyridin-2-
yl)methyl)pyridin-2-yl)ethane). CuTPA reacts with dioxygen to form an end-on peroxo complex, 
while Cu2bistripic forms a side-on peroxo complex. It is found that both complexes likely react 
to form Cu2O2 complexes, with CuTPA exhibiting lower overpotentials for the ORR than 
Cu2bistripic. The low overpotential for the ORR by [CuTPA]
2+
 is attributed to the nucleophilicity 
of the end-on peroxo species, while the high overpotential for [Cu2bistripic]
2+
 and the side-on 
peroxo complex, is due to its electrophilicity. 
Attempts at understanding the ligand effects on the ORR are studied in Chapter 3. Many 
ligands based on the CuTPA motif were studied. A series of ligands that raise the Cu
I/II
 couple 
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potential are found to have no effect on the overpotential for the ORR. Similarly, addition of 
hydrogen-bonding groups did not effect on the overpotential. Ligands with only alkyl 
functionality exhibited very high overpotentials, which is attributed to poor electron transfer into 
the alkyl-Cu complex. The rate determining step (RDS) is not the Cu
II
 to Cu
I
 reduction, nor is it a 
protonation event. I speculate that the RDS is the reduction of a hydroperoxo intermediate. 
The first step in the ORR catalytic reaction mechanism for [CuTPA]
2+
 is examined in 
detail in Chapter 4. Using in-situ Raman spectroscopy, the initially electro-reduced CuTPA 
species is examined. Solution electrochemistry confirms that an insoluble species precipitates on 
the electrode surface upon a reduction of [CuTPA]
2+
. There is evidence that the reduced species 
is the cuprous complex, which then disproportionates into Cu metal and [CuTPA]
2+
. There also 
may be a hydrated perchlorate bridged species.  The actual catalytically active species is cannot 
be readily identified, as the mixture of species is complex. 
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Chapter 1 
Introduction to Copper-O2 Reactivity 
1.1 Fuel Cells 
 The reduction of dioxygen to water is an extremely exothermic reaction (1.23 V or -474 
kJ/mol), meaning that dioxygen is a powerful oxidant.
1
 The natural abundance of O2 in the 
atmosphere also makes it an inexpensive and ideal reactant for fuel cells. Fuel cells separate the 
oxidation of a substrate, usually hydrogen or methanol, from the reduction of O2 with an ion 
conductive membrane. The electrons travel from the fuel oxidation electrode (anode) to the 
oxygen reduction electrode (cathode) through an external circuit that can be used to do work 
(Fig. 1.1).
2
 The ideal hydrogen based fuel cell can deliver 1.23 V of power without the 
significant heat losses associated with combustion engines. 
 Fuel cells as they exist currently are unable to deliver the full 1.23 V of power due to the 
low efficiency of the cathode oxygen reduction reaction (ORR).
3,4
 The high bond strength of the 
dioxygen double bond (485 kJ) makes the ORR a slow reaction in fuel cells. Reducing the cell 
voltage increases the reaction rate, but lowers efficiency. The difference between the 
thermodynamic value of the cell potential and the actual cell potential is known as the 
overpotential. Pt is the most commonly used cathode catalyst which has an overpotential of ~300 
mV for the ORR.
3-13
 The high overpotential in turn leads to higher Pt loadings, and therefor 
make fuel cell costs prohibitively high for large scale deployment. In order to overcome the 300 
mV overpotential, we have turned to nature as a source of inspiration for new ORR 
electrocatalysts. 
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Figure 1.1 Schematic of a typical polymer electrolyte membrane fuel cell (PEMFC). 
 
1.2 Biological oxygen reduction 
The reduction of dioxygen to water is one of the most fundamental reactions in biology. 
It is the basis of aerobic respiration in plants and animals, but is still a reaction that is not well 
understood at a fundamental level. Respiration couples the reduction of dioxygen to the 
oxidation of many different substrates, such as sugars, phenols, and amino acids.
14-23
 There are a 
wide variety of proteins that facilitate the oxygen reduction reaction (ORR), including 
cytochrome P450, galactose oxidase, and the multicopper oxidases.  
  The active sites of proteins that interact with O2 contain a large variety of metals, with 
Fe, Co, Ni, and Cu as the most widely used metals.
24
 Of these metals that facilitate the ORR, Fe 
and Cu are by far the most abundant. While Fe based proteins have been more widely studied, 
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Cu based proteins have low overpotentials for the ORR and are the base of the studies described 
in this work. 
 There are many Cu proteins that interact with dioxygen. Hemocyanin is a di-Cu protein 
that transports O2 in mollusks.
25-32
 Tyrosinase, which has a similar active site to hemocyanin, 
couples dioxygen reduction to oxidation of phenols, and can be isolated from a wide variety of 
plants and animals.
32-36
 Galactose oxidase is a monocopper proteins that oxidizes galactose while 
reduction O2 to H2O2.
27,37-39
 Finally, the multicopper oxidases, such as laccase and bilirubin 
oxidase, contain four Cu’s and reduce O2 to H2O coupled to the oxidation of lignols.
17,18,20,32,40-44
  
 Copper proteins have been studied for their ORR activity by various methods of 
attachment of the proteins to electrodes.
45-47
 Tyrosinase does reduce oxygen , but exhibits very 
slow kinetics.
33,48,49
 Laccase has an almost nonexistent overpotential (20 mV), a turn-over rate of 
2.1 O2 per laccase s
-1
, as well as reaching diffusion limited behavior by 70 mV of 
overpotential.
50,51
 Unfortunately, both enzymes only function in a narrow pH range and show 
limited stability, making them a poor choice for fuel cell cathodes. Fortunately, the active sites of 
Cu proteins have been modeled with various inorganic complexes. 
 
1.3 Copper-oxygen proteins 
 The active sites of many different Cu proteins are very similar and three types of Cu sites 
are widely used in nature (Fig. 1.2). Type 1 coppers are found in the multicopper oxidases, where 
a Cu atom is ligated by two histidine and one cysteine residue in a trigonal planar mode.
52
 A type 
2 Cu is coordinated in a square pyramidal mode and is coordinated by four N,O, or S containing 
ligands such as cysteine and histidine in the equatorial plane and usually a water molecule at the 
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pyramid apex.
39,53
 Finally the type 3 Cu’s are a dicopper site where each Cu is coordinated by 
three histidines in a distorted trigonal planar structure and the two coppers are 
antiferromagnetically coupled to each other by a bridging ligand.
30,54
 
 
 
Figure 1.2 Sketch of the Cu coordination types in Cu proteins. 
 
Laccase has all three Cu types in the protein, but only the type 2 and 3 Cu’s interact with 
dioxygen.
20,54,55
 O2 first coordinates to the fully reduced protein at the type 2 and 3 Cu’s, known 
as the peroxy intermediate, where oxygen bridges all three coppers while oxidizing one of the 
type 3 and the type 2 copper. Interestingly, mutant versions of laccase that lack the type 2 Cu 
show no O2 reactivity.
54
 The peroxy intermediate then transfers electrons quickly from the two 
remaining coppers to O2
2-
 to form a μ-3 oxo between the type 2 and 3 coppers and a μ-2 hydroxo 
between the type 3 Cu’s.40 Fast transfer of 4 e- and 4 H+ into the protein releases two equivalents 
of water and regenerated the fully reduced protein. The type 1 copper is the site where lignol 
binds and donates electrons to the protein, which are then shuttles into the tri-Cu site.
56
 
Substitution of Hg for Cu in the type 1 site removes the catalytic ability of laccase.
42
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Many groups have tried to model the tricopper site in laccase with very little success for 
working models.
57,58
 Many systems constructed from self-assembly of metal-ligand fragments 
have bridging oxo ligands that inhibit the reactivity of the tricopper site. Attempts at synthesizing 
ligands that bind three coppers close together have failed due to the lack of rigidity in the ligand 
systems.
59
 Most structures have two coppers that are relatively close together with the third 
copper forced away by internuclear repulsions. Most complexes that do have 3-Cu clusters show 
only dioxygen reactivity characteristic of di- or mono-Cu species. Because of this difficulty, I 
have examined di-Cu based complexes in order to understand the type 3 Cu reactivity role in the 
ORR. 
 
1.4 Copper-oxygen reactivity 
 The interaction of dioxygen with copper complexes has a long history.  In 1870, the 
Glaser reaction, an oxidative coupling of terminal acetylenes with cuprous chloride and 
dioxygen, was reported.
22
 Since then there have been a wide variety of copper-dioxygen adducts 
used for a large number of oxidative transformations.
22,30,60-66
 The large number of different 
oxidations that copper catalysts can perform attest to the fact that Cu-O2 adducts have a wide 
variety of geometries.
22,61,67
 Shown in Figure 1.3 are a few of the different reported geometries of 
Cu-O2 complexes and how they are interrelated to one another.  
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Figure 1.3 Sketch of the different binding geometries of Cu-O2 complexes. 
 
 The first structurally characterized and most studied Cu complex that reversibly binds 
dioxygen is Cu-tris(2-pyridylmethyl)amine (TPA).
65,68-72
 The complex forms a trans-μ-1,2-O2, 
T
P, complex between two Cu-TPA molecules. The [(CuTPA)2-O2]
2+
 complex was crystallized at 
-78°C  in EtCN. Once [CuTPA]
+
 is oxygenated, solution turns purple and exhibits a new UV-Vis 
absorption at 525 nm. [CuTPA]
+
 has been used to attempt to catalyze the four electron reduction 
of dioxygen to water using decamethylferrocene to reduce the oxidized Cu
II
, however the 
decamethylferrocene also catalyzes the four electron reduction.
73,74
  
 There are now a large variety of Cu complexes that bind O2 in the 
T
P mode. Most are still 
based off of TPA with different substitutions in the 4-position
75
, 6-position
69
, changing the 
methyl groups to ethyl
72
, substituting a quinolone for pyridyl
76
, as well as dimerization of the 
many TPA complexes. Interestingly, alkyl analogues of TPA such as Me3TACN, 
i
Pr3TACN, Cu-
Me6tren and Bz3tren also react with O2 to form 
T
P compounds.
77-84
 Finally some Cu-bispidine 
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complexes show similar activity to Cu-TPA.
85
 Most of these compounds typically have N4 
donors to Cu and have trigonal bipyramidal to square planar geometries. 
 Soon afterward the 
T
P report of the peroxo-CuTPA, the first side-on peroxo, 
S
P, complex 
was reported by Kitijima with [Cu-HB-(3,5-iPr3pz)3]
+
.
86
 The similar tris(imidazole)phosphine Cu 
complexes also react with O2 to form 
S
P compounds.
87,88
 Kodera’s Cu2bistripic complex, the best 
model to date for hemocyanin, has room temperature stabilities and reversible dioxygen 
coordination is the 
S
P peroxo mode.
65,89-92
 Other ligands that support 
S
P Cu-O2 compounds 
include: di(ethylpyridyl)-R-amines
93-96
, TACN,
37
 di(R)ethylenediamines
83
, 
bis(methylamino)xylenes.
97
 Side-on peroxo complexes have received a lot of attention because 
they accurately model the binding mode of O2 with type 3 coppers in proteins like tyrosinase and 
hemocyanin.
22,98
   
 Bis-μ-oxo, O, complexes have also been isolated and are usually in equilibrium with the 
S
P complex.
80,99-110
 Other Cu2O2 binding modes have been identified, but most do not have any 
analogues in nature. They primarily derive from end-on complexes, but the oxygen binding is 
assymetric with respect to the coppers. 
 The reactivity of the Cu2O2 complexes has been thoroughly studied and 
T
P, 
S
P, and O 
complexes react very differently. 
T
P complexes generally are nucleophilic and are easily 
protonated.
111
 They react with CO2 to form peroxycarbonates, but no not oxidize PPh3. 
S
P 
compounds are electrophilic and oxidize PPh3, but show little reactivity towards acids. O 
compounds are extremely competent at hydrogen atom abstractions; they react with phenols to 
form phenoxy radicals. 
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 The origin of the different reactivities between end-on and side-on binding of oxygen 
stems from the amount of σ donation from the oxygens to Cu.30,112,113 TP complexes have the 
least overlap between the π* orbitals of the oxygens and the dx2-y2 on Cu, and the oxygens have a 
more negative charge, resulting in a nucleophilic complex. 
S
P compounds have better overlap 
between O2 and Cu, and delocalize the charge, resulting in a more electropositive and 
electrophilic oxygen substrate. Shown in Figure 1.4 are the MO diagrams of the three common 
Cu2O2 geometries. 
 
 
Fig. 1.4. Sketches of the partial MO diagrams of di-Cu O2 compounds.
62
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1.5 Copper oxygen reduction electrocatalysts 
 While most of the reactivity of Cu
I
 compounds with O2 has been well studied 
spectroscopically, there have been relatively few attempts to understand their reactivity with O2 
electrochemically. Early work was based off porphyrins and phthalocyanines due to the 
successes of Co versions of these ligands (Fig. 1.5).
114,115
 Unfortunately, the Cu versions of the 
porphyrins and phthalocyanines showed poor activity compared to the Co analogues, and more 
surprisingly, all showed higher activity when pyolized.  
 Copper phenathroline complexes were extensively studied by Anson and Chidsey. Cu-
phen complexes catalyze the 4 e
-
 ORR when adsorbed to edge-plane graphite with overpotentials 
in the range of 670 mV (onset of 0 V vs SCE, pH 5.2).
116
 5-Cl-phen behaves similarily to phen, 
but 2,9-Me-phen has an overpotential of 520 mV (0.17 V vs SCE, pH 5) with lower current 
densities than Cu-phen.
117,118
 4,7-phenyl-phendisulfonate was also tested by Anson and exhibited 
a larger over potential of 0.85 V (-0.18 V vs SCE, pH 5.2).
119
 Chidsey built off of Anson’s work 
and studies systematically substituted phen’s and compared their CuI/II couples to the onset of 
ORR. The lowest overpotential was observed with a 2,9-diethyl-phen of 640 mV (0.305 V vs 
NHE, pH 4.8), but also had very low current densities.
120
 Chidsey later attached Cu-phen 
complexes by click chemistry to an electrode and found that Cu-phen complexes act in a di-Cu 
fashion.
121
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Fig 1.5 Sketches some of the reported Cu ORR catalysts 
 
 Other copper complexes with nitrogen donors have been tested previously. In 1993 
Anson reported that a Cu-DPP (Fig 1.5) complex catalyzes the ORR with an overpontial of 730 
mV (-0.18 V vs SCE, pH 7.3).
122
 The next year, Bilewicz reported a hexaaza-macrocycle that 
chelates two Cu’s with an overpotential of 560 mV for the ORR (0.0 V vs SCE, pH 7.3).123 The 
complex [Cu(trpn)(ImH)](ClO4)2 has an overpotential of 580 mV (-0.05 V vs SCE, pH 6.4).
124
 
The related complex [Cu(baEOH)(ImH)](ClO4)2 exhibits an overpotential of 640 mV (-0.07 V vs 
SCE, pH 7). Finally, our group reported the Cu coordination polymer of CuSO4 with 3,5-
diamino-1,2,4-triazole (CuDAT) with the lowest overpotential for the ORR of 370 mV (0.86 V 
vs RHE, pH 13).
125
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 The reported electrocatalysts are of a wide variety of very disparate Cu compounds 
(Table 1.1). It was the goal of this dissertation to identify the underlying mechanisms of the 
electoreduction of O2 by Cu compounds. Using laccase and other Cu proteins as inspiration, an 
attempt at a more thorough understanding of the fundamentals of the ORR was undertaken. 
 
Table 1.1 Listing of the Cu catalysts studied for their ORR activity. 
Catalyst
 
Cond (pH/electrode) 
E
1/2
 
Cu
I/II 
E
1/2
 Cu
I/II
  
vs. RHE
a 
E
ORR
 vs. 
Ref 
E
ORR
 vs. 
RHE
a Ref 
Copper 
phthalocyanine 
Adlayer on Au (111), 
hanging meniscus, 0.1 M 
HClO4 
- - 
0 V vs. 
RHE 
0 V  
126
 
Cu-
heptadecafluorode
cyl substituted 
ball-type metallo 
phthalo 
cyanine (BTMPcs)  
GC disk, complex 
supported on Vulcan, 0.5 
M H2SO4,  
- - 
-0.1 V vs. 
SCE 
0.14 V 
127
 
Cu-5-(4-pyridyl)-
10,15,20-triphenyl 
porphyrin 
Complex adsorbed on GC 
disk, 0.05 M H2SO4 
- - - - 
128
 
Cu- 5-(4-N-
hexadecyl-
pyridiniumyl)-
10,15,20-triphenyl 
porphyrin bromide 
Complex adsorbed on GC 
disk, 0.05 M H2SO4 
- - 
-0.15 V vs. 
Ag/AgCl 
0.13 V 
128
 
Cu-meso-tetrakis 
(p-sulfon- 
atophenyl) 
porphyrins  
Adsorbed on Ag electrode, 
0.05 M H2SO4 
- - 
-0.3 V vs. 
SCE 
0.02 V  
129
 
Cu-5,10,15,20-
tetraphenyl-
21H,23H-
porphyrin 
Paraffin-impregnated 
graphite electrode (PIGE), 
0.1 M KCl (pH 4) 
- - 
~ 0 V vs. 
Ag/AgCl 
0.44 V 
130
 
Cu-5,10,15,20-
tetrakis(4-hydroxy-
3-methoxyphenyl) 
porphyrin 
Edge-plane pyrolytic 
graphite electrode, 0.5 M 
H2SO4 
0.10 V 
vs. 
Ag/Ag
Cl 
0.28 V  - - 
131
 
Cu-3,5-diamino-
1,2,4-triazole 
GC disk, supported on 
Vulcan, pH 7 Britton-
Robinson 
- - 
0.73 V vs. 
RHE 
0.73 V  
125
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Table 1.1 continued 
Cu-1,2,4-triazole 
GC disk, supported on 
Vulcan, pH 7 Britton-
Robinson 
- - 
0.70 V vs. 
RHE 
0.70 V  
132
 
Cu-3,5-dimethyl-4-
amino-1,2,4-
triazole 
GC disk, supported on 
Vulcan, pH 7 Britton-
Robinson 
- - 
0.58 V vs. 
RHE 
0.58 V  
132
 
Cu-3,4,5-triamino-
1,2,4-triazole 
GC disk, supported on 
Vulcan, pH 7 Britton-
Robinson 
- - 
0.67 V vs. 
RHE 
0.67 V  
132
 
Cu
II
(Phen) 
Edge-plane pyrolytic 
graphite electrode, pH 5.2,  
Britton-Robinson  
-0.19 V 
vs. 
SCE 
0.37 V 
-0.1 V vs. 
SCE 
0.46 V 
116
 
Cu
II
(Phen) 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0. 025 
V vs. 
NHE 
0.313 V 
0.01 V vs. 
NHE 
0.30 V 
120
 
Cu
II
(5-Cl-Phen) 
2+
 
Edge-plane pyrolytic 
graphite electrode, pH 5.2 
Britton-Robinson buffer 
-0.17 V 
vs. 
SCE 
0.39 V 
-0.07 V vs. 
SCE 
0.49 V 
116
 
Cu
II
(5-Cl-Phen) 
2+
 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.05 V 
vs. 
NHE 
0.34 V 
0.04 V vs. 
NHE 
0.33 V 
120
 
Cu
II
(2,9-Me2-
Phen) 
Edge-plane pyrolytic 
graphite electrode, pH 5 
Britton-Robinson buffer 
0.05 V 
vs. 
SCE 
0.59 V 
0.05 V vs. 
SCE 
0.59 V 
117
 
Cu
II
(2,9-Me2-
Phen) 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.31 
mV vs. 
NHE 
0.60 V 
0.29 V vs. 
NHE 
0.58 V 
120
 
Cu-4,7-diphenyl-
phen-disulfonate 
pH 5.3, Britton Robinson,  
-0.18 V 
vs. 
SCE 
0.38 V 
-0.15 V vs. 
SCE 
0.41 V 
119
 
Cu-(5-NH2-phen) 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.02 V 
vs. 
NHE 
0.31 V 
0.01 V vs. 
NHE 
0.30 V 
120
 
Cu-(5-NO2-phen) 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.075 
V vs. 
NHE 
0.37 V 
0.040 V vs. 
NHE 
0.33 V 
120
 
Cu-3-CO2Et-4-Cl-
phen 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.090 
V vs. 
NHE 
0.38 V 
0.065 V vs. 
NHE 
0.36 V 
120
 
Cu-3,8-(CO2Et)2-
4,7-Cl2-phen 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.15 V 
vs. 
NHE 
0.44 V 
0.130 V vs. 
NHE 
0.42 V 
120
 
Cu-2-Me-phen 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.215 
V vs. 
NHE 
0.51 V 
0.205 V vs. 
NHE 
0.50 V 
120
 
Cu-5-NH2-2,9-
Me2-phen 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.285 
V vs. 
NHE 
0.58 V 
0.275 V vs. 
NHE 
0.57 V 
120
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Table 1.1 continued 
Cu-2,9-Et2-phen 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.335 
V vs. 
NHE 
0.63 V 
0.305 V vs. 
NHE 
0.59 V 
120
 
Cu-2,9-nBu2-phen 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.340 
V vs. 
NHE 
0.63 V 
0.260 V vs. 
NHE 
0.55 V 
120
 
Cu-5-NO2-2,9-
Me2-phen 
pH 4.8, 100 mM NaClO4, 
20 mM NaAcO, 20 mM 
AcOH 
0.390 
V vs. 
NHE 
0.68 V 
0.080 V vs. 
NHE 
0.37 V 
120
 
Cu
II
(3-ethynyl-
phenanthroline) 
pH 4.8, 50 mM NaAcO, 50 
mM AcOH, 1 M NaClO4 
0.28 V 
vs. 
NHE 
0.56 V 
0.10 V vs. 
NHE 
0.39 V 
121
 
[Cu(trpn)Im] 
(ClO4)2 
pH 6.4 Britton-Robinson 
Buffer 
-0.23 V 
vs. 
SCE 
0.40 V 
-0.05 V vs. 
SCE 
0.58 V 
124
 
[Cu(baEtO)(Im)] 
(ClO4)2 
PG electrode, pH 7 
phosphate buffer  
-0.248 
V vs. 
SCE 
0.42 V 
-0.10 V vs. 
SCE 
0.57 V  
133
 
[Cu-tren](ClO4)2 
pH 1, 0.1 M HClO4, on 
Vulcan C 
- - 
0.43 V vs. 
RHE 
0.43 V 
134
 
[Cu-Me6tren] 
(ClO4)2 
pH 1, 0.1 M HClO4, on 
Vulcan C 
- - 
0.33 V vs. 
RHE 
0.33 V 
134
 
[Cu-Me3TACN] 
(ClO4)2 
pH 1, 0.1 M HClO4, on 
Vulcan C 
0.18 V 
vs. 
RHE 
0.18 V 
vs. RHE 
0.30 V vs. 
RHE 
0.30 V 
134
 
 
[Cu-TPA] 
(ClO4)2 
 
pH 1, 0.1 M HClO4, on 
Vulcan C 
  
 
0.53 V vs. 
RHE 
 
0.53 V 
135
 
 
pH 7 Britton-Robinson 
Buffer, on Vulcan C 
0.23 V 
vs. 
RHE 
0.23 V 
0.69 V vs. 
RHE 
0.69 V 
135
 
[Cu-tripic-
(NCMe)]PF6 
pH 2 Britton-Robinson 
Buffer, on Vulcan C 
- - 
0.34 V vs. 
RHE 
0.34 V 
135
 
[Cu2-bistripic-
(NCMe)2](PF6)2 
pH 2 Britton-Robinson 
Buffer, on Vulcan C 
- - 
0.40 V vs. 
RHE 
0.40 V 
135
 
[Cu-PMEA](ClO4)2 
pH 7 Britton-Robinson 
Buffer, on Vulcan C 
0.37 V 
vs. 
RHE 
0.37 V  
0.69 V vs. 
RHE 
0.69 V 
134
 
[Cu-PMAP](ClO4)2 
pH 7 Britton-Robinson 
Buffer, on Vulcan C 
0.42 V 
vs. 
RHE 
0.42 V  
0.69 V vs. 
RHE 
0.69 V 
135
 
[Cu-TEPA](ClO4)2 
pH 7 Britton-Robinson 
Buffer, on Vulcan C 
0.52 V 
vs. 
RHE 
0.52 V  
0.69 V vs. 
RHE 
0.69 V 
134
 
[Cu-(NH2)2-TPA] 
(NO3)2 
pH 1 0.1 M HClO4, on 
Vulcan C 
0.42 V 
vs. 
RHE 
0.42 V 
0.53 V vs. 
RHE 
0.53 V 
134
 
[Cu-Piv2-TPA] 
(NO3)2 
pH 1 0.1 M HClO4, on 
Vulcan C 
0.22 V 
vs. 
RHE 
0.22 V 
0.40 V vs. 
RHE 
0.40 V 
134
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Table 1.1 continued 
Cu-hexaaza-xylyl 
macrocycle 
pH 7.3 borate buffer in 
solution at GC electrode 
-0.1 V 
vs. 
SCE 
0.58 V 
0.0 V vs. 
SCE 
0.68 V 
123
 
Cu[DPP] 
pH 5.3 Britton-Robinson 
Buffer, PG electrode 
0.0 V 
vs. 
SCE 
0.56 V 
0.0 V  vs. 
SCE 
0.56 V 
122
 
[CuPDT] 
pH 5.3 Britton-Robinson 
Buffer, PG electrode 
0.0 V 
vs. 
SCE 
0.56 V - - 
122
 
[CuTPT] 
pH 5.3 Britton-Robinson 
Buffer, PG electrode 
-0.17 V 
vs. 
SCE 
0.39 V 
-0.05 V vs. 
SCE 
0.51 V 
136
 
[Cu2(apyhist)2Cl2] 
pH 9 phosphate buffer, GC 
electrode 
-0.35 V 
vs. 
SCE 
0.43 V 
-0.25 V vs. 
SCE 
0.53 V 
137
 
Cu complexed 
with poly-L-
histidine 
Complex-coated thin film 
on GC electrode, 0.2 M 
PBS (pH 7) 
- - 
-0.07 V vs. 
Ag/AgCl 
0.54 V 
vs. RHE 
138 
Cu-2-(3-pyrrol-1-
yl-propylimino-
methyl)-phenol 
Complex-coated Au 
electrode, 0.1M H2SO4 
- - 
~ 0 V vs. 
SCE 
0.30 V 
vs. RHE 
139 
Na14[SiW9O34Cu3(
N3)2(OH)(H2O)]2∙2
4H2O 
pH 5, 1 M (CH3COOLi + 
CH3COOH) 
-0.17 V 
vs. 
SCE 
0.38 V 
-0.22 V vs. 
SCE 
0.33 V 
140 
[Cu
III
(L4H)]- pH 8, 0.1 M NaClO4 
-0.09 V 
vs. 3M 
CE 
0.64 V 
-0.18 V vs. 
3M CE 
0.55 V 
141 
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Chapter 2  
 
Dioxygen and Hydrogen Peroxide Reduction with Hemocyanin Model Complexes 
 
Reproduced with permission from Thorseth, M. A.; Letko, C. S.; Rauchfuss, T. B.; Gewirth, A. 
A. Inorg. Chem. 2011, 50, 6158-6161. Copyright 2011 American Chemical Society. 
 
2.1 Introduction 
One of the greatest hurdles to the widespread implementation of fuel cells is the cathode 
catalyst.
1,2
  In most fuel cells, the cathode catalyzes the 4 e
-
 reduction of dioxygen to  
water (eq. 1). 
 
O2 + 2 e
-
 +  2 H
+
    2 H2O  E = 1.19 V at pH 1    (1) 
 
Current fuel cells rely on Pt-based cathodes, which exhibit slow reaction kinetics for the oxygen 
reduction reaction (ORR).
3,4
  To mitigate the slow kinetics for the ORR, high catalyst loadings 
are required which translate into high cost.  Additionally, Pt-based ORR catalysts evince a ca. 
300 mV overpotential for the ORR, which seriously diminishes the efficiency of the fuel cell.  
Although the performance of Pt-based catalysts has been improved by alloying and 
developments in catalyst morphology, substantial improvement in catalyst composition is 
required,
5
 and ultimately Pt may be replaced by base metals. 
One source of inspiration for a new class of ORR catalysts comes from nature in the form 
of laccase, an enzyme that exhibits a lower overpotential for the ORR compared to Pt.
6
  The 
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active site of laccase is composed of three Cu atoms, two that are coordinated by three histidine 
groups known as the type-3 copper centers, and one that is ligated by two histidine groups, 
known as the type-2 copper.
7-9
  When considering new generations of bioinspired cathode 
catalysts, it is noteworthy that type-3 copper centers are observed in a large variety of enzymes 
that activate O2, such as tyrosinase (Tyr) and hemocyanin (Hc).
10
  Tyrosinase catalyzes the 
oxidation of phenols and catechols coupled with the reduction of oxygen to water, and 
hemocyanin is a reversible dioxygen carrier.
9,11,12
  The dioxygen adducts of Hc and Tyr both 
feature bridging peroxo ligands with a μ-η2:η2 diamondoid motif.  The differing reactivity of Tyr 
and Hc is due to the ability of phenols and catechols to access the active site in tyrosinase, but 
not in hemocyanin.
9
   
An excellent synthetic model for Hc is Kodera's hexapicolinyl dicopper complex, which 
reversibly forms a μ-η2:η2 dioxygen complex that is stable for hours at room temperature (Figure 
2.1).
13-15
  Although many Cu complexes have been described as spectroscopic and structural 
models for hemocyanin, none appear to have been tested for their activity for the ORR.  In 
previous work we and others have demonstrated that other synthetic Cu-based complexes 
catalyze ORR over a wide range of pH's, albeit with moderate overpotentials particularly in 
acid.
1,16
  We note, however, that the on-electrode structure of most  Cu-based catalysts, including 
CuDAT, is not known.
16
   
Since Hc is stable in the presence of dioxygen and hydrogen peroxide, models for Hc 
might be more stable toward oxidative degradation in the high potential, aqueous, 
electrochemical environment, a requirement for practical ORR.
17,18
  Hemocyanin also catalyzes 
the disproportionation of H2O2 to oxygen and water at neutral pH.
19
  Inspired by these findings, 
we here investigate the ORR activity of Kodera's thermally stable hemocyanin model 
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[Cu2(bistripic)(NCMe)2](PF6)2 (bistripic = 1,2-bis(6-(bis(6-methylpyridin-2-yl)methyl)pyridin-2-
yl)ethane) (2) as well as the analogous monocopper complex [Cu(tripic)(NCMe)]PF6 (1) (Figure 
2.1).   The monocopper complex 1 exhibits low affinity for dioxygen; the two tripicolinyl ligands 
must be tethered to observe O2 coordination at room temperature.
15
 
 
 
Figure 2.1.  Hemocyanin models [Cu(tripic)(NCMe)]PF6 (1) and [Cu2(bistripic)(NCMe)2](PF6)2 
(2), which reversibly oxygenates. 
 
In contrast to the Hc model 2, [CuTPA]
+
 complexes react with dioxygen to form an end-
on μ-η1:η1-peroxo complex.20,21  Although the O2 adducts are only stable at low temperatures (-
80 ºC) (Figure 2.2), it may be possible that this binding mode would be maintained on the 
electrode surface during ORR.  Indeed, Karlin and coworkers evaluated [CuTPA]
+
 in the 
nonaqueous environment for its ORR reactivity.
22
  However, the behavior of [CuTPA]
+
 in 
aqueous solution, supported on an electrode, is unknown.  We thus examine the catalytic 
properties of the Cu
II
 analogue [CuTPA](ClO4)2, [3](ClO4)2 (TPA = tris(2-pyridylmethyl)amine).   
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Figure 2.2. Illustration of [3]ClO4 and the coordination of O2 at low temperature.
20
 
 
2.2 Experimental 
Catalyst Ink Preparation 
Compounds 1 and 2 were synthesized as previously reported.
14,15,23
  
1
H NMR spectra of 
both compounds matched the literature values.  Carbon-supported catalysts 1 and 2 were 
prepared using Vulcan XC-72 (Cabot Corp.) carbon black in acetonitrile.  First, 18 mg of carbon 
was sonicated for 15 min to ensure maximum dispersion.  To this suspension was added 2 mg of 
the catalyst as a solid.  The suspension was allowed to stand for 1 h, after which solvent was 
evaporated under a stream of air.  To prepare an ink of the supported catalyst, the supported 
catalyst was sonicated in water (1 mg/mL) in the presence of 5 μL of a 5 wt% solution of Nafion 
(Sigma-Aldrich) per 1 mL of water.  A 20 μL droplet of the ink was then evaporated onto a 
glassy carbon electrode (A = 0.196 cm
2
) under a stream of Ar.  By elemental analysis, Cu 
loadings were determined to be 8.8 mg/g supported catalyst for compound 1 and 9.2 mg/g 
supported catalyst for compound 2.  Control experiments utilized Vulcan XC-72 prepared 
identically but without compounds 1 or 2. 
Supported catalyst 3 was generated in situ by using TPA synthesized as previously 
reported.
24
  A solution of [Cu(TPA)](ClO4)2 was prepared from 33.3 mg Cu(ClO4)2∙6H2O (0.09 
mmol, 99.999%, Alfa Aesar) and a solution of 26.1 mg (0.09 mmol) of TPA in 15 mL of ethanol.  
To this solution were added Vulcan XC-72 carbon black (54 mg) and a 60 μL of a 5 wt% 
solution of Nafion (Sigma-Aldrich).  The mixture was then sonicated for 30 min to disperse the 
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carbon.  The ink (10 μL) was then deposited directly onto the glassy carbon electrode and dried 
in air.  Cu loading was found to be 5.56 mg/g supported catalyst.   
 
Reagents 
Electrochemical experiments at pH 2-10 were performed in Britton-Robinson buffers 
consisting of 0.04 M CH3CO2H (99.99%, Sigma-Aldrich), 0.04 M H3PO4 (85 wt% in H2O, 
99.99%, Sigma-Aldrich), 0.04 M H3BO3 (99.999%, Sigma-Aldrich), and 0.1 M NaClO4 (99.9%, 
Sigma-Aldrich) with Milli-Q water.  Experiments performed at pH 1 were done in a solution of 
0.1 M HClO4 (70% Optima grade, Fisher Scientific).  Hydrogen peroxide solutions (10 mM) 
were made with 30 wt% H2O2 in water (30 wt% in H2O, Ultrex II Ultrapure, Baker). 
 
Electrochemical Experiments 
Rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) electrochemical 
experiments were performed by using a glassy carbon working electrode (A = 0.196 cm
2
) with a 
Pt ring (A = 0.093 cm
2
, Pine Instruments), a Pt mesh counter electrode separated by a glass frit, 
and a Ag/AgCl "no-leak" (ESA, Inc.) reference electrode separated from the working electrode 
by a Luggin capillary.  The Pt ring was held at 1.2 V vs. RHE for all experiments and the 
collection efficiency was determined to be 0.04 by comparison of the disk to ring currents for the 
2 e
-
 reduction of O2 to H2O2 for the unmodified Vulcan carbon.
25
  The scan rate for all 
experiments was 5 mV/s and all scans were performed starting with the cathodic sweep.  All 
experiments were performed using a CH Instruments 760C bipotentiostat and a Pine Instruments 
MSRX rotator.  All potentials reported were referenced to the reversible hydrogen electrode 
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(RHE) by flushing the cell with 1 atm of H2 and measuring the open circuit potential at the Pt 
ring after experiments were completed. 
 
2.3 Results 
2.3.1 Studies on Trispicolinylmethane Complexes.  Initial studies focused on catalysis 
by compounds 1 and 2, which were impregnated in inks composed of carbon black and Nafion.  
The results of RRDE voltammetry for these cathodes are presented in Figure 2.3 together with a 
control electrode lacking the copper complexes.  When O2 was excluded from the solution, 
voltammetry exhibited little current response from 0.75 V to at least -0.5 V.  Following the 
introduction of O2 however, a cathodic current was observed, the onset potential of which was 
found to depend on pH (Figure 2.4).  At pH 2, the onset of oxygen reduction by compounds 2 
and 1 was found at 0.40 and 0.34 V, respectively, whereas for the control of Vulcan carbon, the 
onset was only 0.11 V.  The limiting current for compound 2 is the largest at 5 mA cm
-2
, 1 is 
slightly less at 4.5 mA cm
-2
, and carbon black is the least at 3 mA cm
-2
.  
Shown in Table 2.1 is the number of electrons transferred by each catalyst, determined by 
a Koutecky-Levich plot made by varying the electrode rotation rate (Figures 2.18-2.25)  At pH 2, 
catalysts 1 and 2 as well as Vulcan carbon were found to transfer approximately 2 e
-
, consistent 
with reduction of O2 to H2O2.  In Figure 2.3, the positive currents arise from the Pt ring, held at 
1.2 V to oxidize any produced peroxide.  Whereas carbon black has the largest ring current, the 
number of electrons transferred by each catalyst, shown in Table 2.1, is similar. 
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Figure 2.3.  RRDE of 1 (red), 2 (blue), and XC-72 carbon black (black) with ring currents 
(dotted) in Britton-Robinson buffer under 1 atm of O2 at 1600 rpm at pH 2 (a) and pH 10 (b). 
 
 At pH 10, the onset of O2 reduction for 1 and 2 is more positive than at pH 2.  The onset 
for 1 and 2 is 0.67 V, whereas the onset for carbon is at 0.60 V.  The limiting currents for 1 and 2 
are 5 mA cm
-2
, whereas for carbon the current was 3 mA cm
-2
.  Although the current densities at 
pH 10 and 2 are similar, the number of electrons transferred at pH 10 is larger than at pH 2.  The 
ring current in Figure 2.3b is also larger than in 2.3a, corresponding to increased production of 
H2O2.  The increase in number of electrons transferred at pH 10 relative to pH 2 for both 
compounds along with the increase in ring current associated with peroxide oxidation seems 
initially contradictory (see Section 2.3).  
Figure 5 shows RDE voltammograms of compounds 1, 2, and Vulcan carbon in 10 mM 
H2O2 under 1 atm of Ar at pH 2 and pH 10.  At pH 2, shown in Figure 2.3a, H2O2 reduction 
onset occurs at 0.05 V for compound 1, 0.1 V for compound 2, and 0.0 V for Vulcan carbon.  
The number of electrons transferred for all three compounds, determined from the Koutecky-
Levich analysis, is far less than the 2 e
-
 value expected for peroxide reduction to water (Table 
2.1).  At pH 10, however, the catalytic activity of 1 and 2 for the reduction of H2O2 is improved 
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as shown by the increase of the onset potentials to 0.65 V for 1 and 0.64 V for 2 and an increase 
in the current densities (Figure 2.5b).  Correspondingly at high pH, the number of electrons 
transferred approaches the 2 e
-
 value.  
 
 
Figure 2.4.  pH dependence of the onset potentials for O2 (red) and H2O2 (black) reduction for 1 
(circles) and 2 (squares).  At pH 10, the onset potentials for both 1 and 2 overlap. 
 
Tafel plots for all three catalysts at pH 2 and 10 with 10 mM H2O2 are presented in 
Figure 6.  At pH 2, compounds 1 and 2 exhibit linear regions in their Tafel plots with slopes of -
167 mV/dec and -656 mV/dec, respectively (see section 2.3).  At pH 10, Compounds 1 and 2 
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have similar slopes of approximately -187 mV/dec, whereas carbon black exhibits a much larger 
slope of -283 mV/dec.  Tafel plots for dioxygen reduction at pH 2 and 10 can be found in Figures 
2.14-2.17. 
 
Table 2.1.  Number of electrons transferred determined from Koutecky-Levich plots for 1, 2, and 
Vulcan carbon in the presence of O2 or H2O2 at pH 2 and 10. 
 
 
2.3.2 Studies on Trispyridylmethylamine Complexes.  RRDE voltammetry results for 
catalysts prepared from [3](ClO4)2 in 0.1 M HClO4 are shown in Figure 2.7a.  At pH 1 under Ar, 
little current is observed, with the exception of a reversible couple at 0.23 V, which we assign to 
the Cu
I/II
 couple.
26
  With the addition of O2, an increase in the cathodic current is noted, which is 
associated with the ORR.  The onset of the reduction current is 0.53 V vs. RHE.  The ring 
current reveals that at potentials between the onset and the diffusion-limited current, hydrogen 
peroxide is formed.  The diffusion-limited current changes with the rotation rate, which after 
fitting to the Koutecky-Levich equation, shows that 3.8 were transferred in the reduction.  
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Figure 2.5.  RDE of 1 (red), 2 (blue), and XC-72 carbon black (black) in Britton-Robinson 
buffer with 10 mM H2O2 under 1 atm of Ar at 1600 rpm at pH 2 (a) and pH 10 (b). 
 
The voltammetry of [3](ClO4)2 is similar at pH 1 and pH 10 (Figure 2.7).  Under Ar, the 
Cu
I/II
 couple is at 0.49 V at pH 10, which corresponds to a shift of 30 mV/pH unit.  The onset of 
O2 reduction at pH 10 is at 0.77 V, 240 mV more positive than at pH 1.  The ring current once 
again shows that H2O2 is formed at potentials between the onset and the diffusion-limited 
current.  Koutecky-Levich analysis of the dependence of the rotation rate on the reduction 
current also shows that 3.9 were transferred at this pH (Figure 2.24). 
The RDE voltammograms of [3](ClO4)2 under 1 atm of Ar with 10 mM H2O2 are shown 
in Figure 2.8.  At pH 1, the onset of peroxide reduction is at 0.52 V, which is also the onset 
potential for dioxygen reduction.  At pH 10, the onset is more positive at 0.73 V.  The onset 
potentials for peroxide reduction seem to follow the onset potential of O2 reduction (Figure 
2.10).  The number of electrons transferred is 2.0 at all pH’s, consistent with reduction of H2O2 
to H2O. 
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Tafel plots of [3](ClO4)2 under 1 atm of O2 and 1 atm Ar with 10 mM H2O2 are shown in 
Figure 2.9.  The slopes of the linear regions at both pH 1 and pH 10 with O2 or H2O2 are ~70 
mV/dec.  The pH dependence of the onset potential of O2 reduction has two linear regions, as 
seen in Figure 2.10. At low pH, the onset potential changes from 0.53 V by 5 mV/pH unit.  
Above pH 4, the onset varies by 35 mV/pH, consistent with what has been observed for other 
copper complexes.
16,27
  The change in slope is likely related to the pKa of the TPA.
28
  H2O2 
reduction follows the same trend.   
 
2.4 Discussion 
The most interesting information obtained from the comparison of complexes 1 and 2 
relates to the different Tafel slopes and onset potentials, particularly at low pH.  The relatively 
high Tafel slope for the dicopper complex 2 is consistent with a CE (chemical-electrochemical) 
mechanism for reduction.
29
  Alternatively, the low slope for monomeric complex 1 is consistent 
with a simple electron transfer in the rate determining step, an E mechanism.
30
  The number of 
electrons transferred for 1 and 2 are both around three, suggesting a 2 e
-
 reduction of oxygen to 
peroxide, followed by slow (incomplete) 2 e
-
 reduction of the formed H2O2 to water. The low 
activity for 1 and 2 is also seen in low number of electrons transferred in H2O2 reduction at pH 2.  
Intriguingly, the onset potential for the ORR for the dicopper complex is somewhat more 
positive than that found for the corresponding monomer.   
At high pH's, 1 and 2 behave similarly in their ability to catalyze reduction of dioxygen 
and peroxide.  These similarities apply to both onset potentials and Tafel slopes.  The parallel 
behavior of 1 and 2 at high pH suggests a possible role of a cupric hydroxide intermediate that 
reacts with hydrogen peroxide to form the di-µ-peroxo complex.  Kodera observed that [Cu2 -
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OH)2-hexapy] reacts with hydrogen peroxide to form the µ-peroxo complex.
31
 We hypothesize 
that the Cu-OH species enhances the reaction rate of 1 and 2 with H2O2, increasing the apparent 
number of electrons transferred at high pH. 
Compared to compounds 1 and 2, the overpotentials for ORR exhibited by [3](ClO4)2 are 
lower by nearly 130 mV at low pH and 100 mV at pH 10.  Remarkably, the onset potential for 
ORR at pH 1 is the highest reported for any Cu complex.
16,27,32-36
  Additionally, the onset 
potential vs. pH curve exhibits two linear regions one between pH 1 and pH 4 and then another 
between pH 4 and pH 10.  Also compound [3](ClO4)2 has an ORR Tafel slope considerably 
lower than those reported for any Cu complex.   
We now address possible origins of the differences between compounds 1 and 2 and 
compound [3]
2+
.  First, we suggest that in the presence of O2, [3]
+
 dimerizes on the electrode 
surface.  Evidence for dimerization comes from dilution measurements (Figure 2.26-2.27) that 
show that ORR activity shifts to more negative potentials as the concentration of compound 
[3](ClO4)2 is lowered below ca. 0.001 mol%.  Additionally, the ORR current does not scale 
linearly with catalyst loading over two orders of magnitude.  The remarkably low Tafel slopes 
(ca. 70 mV/decade) are close to those expected for a two-electron transfer rate limiting step (60 
mV/decade), also suggesting that two Cu centers are involved.
29
  In recent work, Karlin and 
coworkers reported the use of [3](ClO4)2 as a catalyst for the 4 e
-
 reduction of O2 in acetone.
22
  
The electron-stoichiometry was analyzed using decamethylferrocene (FeCp*2) as an electron 
donor.  Unfortunately, the high reactivity of FeCp*2 by itself toward O2 in the presence of acid 
makes further evaluation of this system complicated.
37
 
We propose that the differing catalytic properties of [3]
2+
 vs. 1 and 2 is related to the 
mode of O2 coordination.  In 2, O2 binds in a side-on peroxo, μ-η
2:η2 mode.  However, [3]+ binds 
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O2 to form an end-on, trans-μ-η
1:η1-peroxo complex, which is stable at low temperatures.  The 
end-on Cu-O2 binding mode is nucleophilic and the peroxo ligand is  easily protonated.
38
  The 
side-on μ-η2:η2-O2 ligand  is generally electrophilic and would be expected to be more easily 
reduced, not protonated.
39
  Attempts at protonating the 2-O2 adduct with HBF4 in CH2Cl2 under 
Ar did not change the UV-Vis spectrum, indicating no reaction took place (Figure 2.28).  We 
propose that addition of an electron to the O2
2-
 peroxo intermediate seen for 2 is likely the rate-
limiting step, leading to a greater overpotential for the ORR.   
Compounds 1 and 2 have low activity for the ORR based on the onset of reduction 
current.  Chidsey et al. reported a Cu
II
-(2,9-diethyl-phenanthroline) complex that has on onset 
potential of 0.305 V vs NHE (0.58 V vs RHE, at pH 4.8).
35
  Bilewicz reported ORR onset of 
0.67 V vs RHE for a dicopper-hexaazamacrocyle (pH 7).
36
  Finally, we found that Cu
II
-3,5-
diamino-1,2,4-triazole (CuDAT) has an onset of 0.73 V vs RHE at pH 7 and the highest reported 
onset of 0.86 V vs RHE at pH 13.
1,16
  Compounds 1 and 2 are comparable to the Bilewicz work, 
and, similarly, they follow a 2e
- 
+ 2e
-
 mechanism.   
Compound [3](ClO4)2 shows reduced ORR overpotentials compared to many 
compounds.  At pH 1, [3](ClO4)2 has a 60 mV higher oxygen reduction onset than CuDAT.  At 
pH 5, its onset is lower than Cu
II
-(2,9-diethyl-phenanthroline) by 40 mV.  At high pH, ORR by 
[3](ClO4)2 has an onset lower than that by CuDAT by 70 mV.  The origin of this increased 
activity might be associated with optimized O2 coordination by 3. 
 
2.5 Conclusion 
A copper catalyst prepared from trispyridylmethylamine (TPA) exhibits a lower overpotential 
and higher activity for ORR than related complexes based on trispyridylmethane ligands.  
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Relative to other complexes, catalysts based on TPA exhibit the highest reported onset potentials 
at pH 1 (0.53 V vs RHE).  The differing catalytic behaviors are attributed to the differences in 
the modes by which these complexes interact with O2, end-on vs side-on O2 binding.  These 
results encourage further efforts aimed at the development of new molecular electrocatalysts.  
 
 
Figure 2.6.  Tafel plots of 1 (red), 2 (blue), and XC-72 Vulcan carbon black (black) in pH 2 (a) 
and pH 10 (b) Britton-Robinson buffer with 10 mM H2O2 under 1 atm of Ar with linear fits 
(dotted lines). 
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Figure 2.7.  RRDE of [3](ClO4)2 in 0.1 M HClO4 at pH 1 (a) and in pH 10 Britton-Robinson 
buffer (b) with ring currents (dotted lines) under 1 atm of Ar at 1600 rpm (black) and under 1 
atm of O2 at 1600 rpm (red), 800 rpm (blue), 400 rpm (green), and 200 rpm (orange). 
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Figure 2.8.  RDE of [3](ClO4)2 in 0.1 M HClO4 at pH 1 (a) and at pH 10 in Britton-Robinson 
buffer (b) with 10 mM H2O2 at 800 rpm (red), 400 rpm (blue), and 200 rpm (green). 
 
 
Figure 2.9.  Tafel plots of [3](ClO4)2 in 0.1 M HClO4 at pH 1 (a) and in pH 10 Britton-Robinson 
buffer (b) under 1 atm of O2 (red line) and under 1 atm of Ar with 10 mM H2O2 (blue line). 
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Figure 2.10.  Plot of the pH dependence of the onset of O2 reduction (red squares) and H2O2 
reduction (black triangles) for [3](ClO4)2. 
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Figure 2.11. RRDE voltammograms of 1 at 1600 rpm under 1 atm. Ar (black line), 1 atm. O2 
(red dashed line), and in 10 mM H2O2 under 1 atm. Ar (blue dotted line) at pH 2 (a) and pH 10 
(b). 
 
 
Figure 2.12. RRDE voltammograms of 2 at 1600 rpm under 1 atm. Ar (black line), 1 atm. O2 
(red dashed line), and in 10 mM H2O2 under 1 atm. Ar (blue dotted line) at pH 2 (a) and pH 10 
(b). 
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Figure 2.13. RRDE voltammograms of  XC-72 Vulcan carbon black at 1600 rpm under 1 atm. 
Ar (black line), 1 atm. O2 (red dashed line), and in 10 mM H2O2 under 1 atm. Ar (blue dotted 
line) at pH 2 (a) and pH 10 (b). 
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Figure 2.14. Tafel plots of 1 in 1 atm. O2 at pH 2 (a) and at pH 10 (b), and in 10 mM H2O2 under 
1 atm. Ar at pH 2 (c) and at pH 10 (d). 
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Figure 2.15. Tafel plots of 2 in 1 atm. O2 at pH 2 (a) and at pH 10 (b), and in 10 mM H2O2 under 
1 atm. Ar at pH 2 (c) and at pH 10 (d). 
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Figure 2.16. Tafel plots of XC-72 Vulcan carbon black in 1 atm. O2 at pH 2 (a) and at pH 10 (b), 
and in 10 mM H2O2 under 1 atm. Ar at pH 2 (c) and at pH 10 (d). 
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Figure 2.17. Tafel plots of 1 (dashed line), 2 (dotted line), and carbon black (solid line) in 1 atm. 
O2 at pH 2 (a) and at pH 10 (b), and in 10 mM H2O2 under 1 atm. Ar at pH 2 (c) and at pH 10 (d) 
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Figure 2.18. Rotation rate dependence of 1 in 1 atm. O2 at pH 2 (a) and at pH 10 (b). Insets are 
Koutecky-Levich plots of  pH 2 (a) at -0.3 V (diamonds) and -0.5 V (triangles) with n values of 
2.0 and 2.6, and pH 10 (b) at 0.2 V (circles) and 0.07 V ( squares) with n of 3.3 and 3.5. 
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Figure 2.19. Rotation rate dependence of 2 in 1 atm. O2 at pH 2 (a) and at pH 10 (b). Insets are 
Koutecky-Levich plots of pH 2 (a) at -0.3 V (diamonds) and -0.5 V (triangles) with n values of 
2.5 and 2.9, and pH 10 (b) at 0.2 V (circles) and 0.07 V ( squares) with n of 3.7 and 3.7. 
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Figure 2.20. Rotation rate dependence of XC-72 Vulcan carbon black in 1 atm. O2 at pH 2 (a) 
and at pH 10 (b).Insets are Koutecky-Levich plots of pH 2 (a) at -0.3 V (diamonds) and -0.5 V 
(triangles) with n values of 2.2 and 2.8, and pH 10 (b) at 0.2 V (circles) and 0.07 V ( squares) 
with n of 2.2 and 2.3. 
 
 
Figure 2.21. Rotation rate dependence of 1 in 10 mM H2O2 under 1 atm. Ar at pH 2 (a) and at 
pH 10 (b). Insets are Koutecky-Levich plots of  pH 2 (a) at -0.1 V (right triangle) and -0.5 V (up 
triangles) with n values of 0.01 and 0.1, and pH 10 (b) at 0.0 V (squares) and -0.5 V (circles) 
with n of 0.5 and 1.5. 
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Figure 2.22. Rotation rate dependence of 2 in 10 mM H2O2 under 1 atm. Ar at pH 2 (a) and at 
pH 10 (b). Insets are Koutecky-Levich plots of  pH 2 (a) at -0.1 V (right triangle) and -0.5 V (up 
triangles) with n values of 0.06 and 0.7, and pH 10 (b) at 0.0 V (squares) and -0.5 V (circles) 
with n of 0.9 and 1.7. 
 
 
Figure 2.23. Rotation rate dependence of XC-72 Vulcan carbon black in 10 mM H2O2 under 1 
atm. Ar at pH 2 (a) and at pH 10 (b). Insets are Koutecky-Levich plots of pH 2 (a) at -0.1 V 
(right triangle) and -0.5 V (up triangles) with n values of 0.05 and 0.8, and pH 10 (b) at 0.0 V 
(squares) and -0.5 V (circles) with n of 0.1 and 0.8. 
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Figure 2.24 Rotation rate dependence of 3 in Britton Robinson buffer under 1 atm Ar at 1600 
rpm (black) or under 1 atm O2 at 1600 rpm (red), 800 rpm (blue), and 400 rpm (green), with ring 
currents (dotted line), at pH 3 (a), pH 4 (b), and pH 7 (c). Insets are Koutecky-Levich plots. 
 
 
Figure 2.25  Rotation rate dependence of 3 in Britton Robinson buffer with 10 mM H2O2 under 
1 atm Ar at 800 rpm (red), 400 rpm (blue), and 200 rpm (green) at pH 4 (a), and pH 7 (b). Insets 
are Koutecky-Levich plots. 
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Figure 2.26 Disc current density dependence on loading of 3 in 0.1 M HClO4 (pH 1) under 1 
atm. O2 at 1600 rpm. 
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Figure 2.27 Plot of the peak current from SI.5.1 versus the loading of 3 in 0.1 M HClO4 (pH 1) 
under 1 atm. O2 at 1600 rpm. 
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Figure 2.28 UV-Vis spectra of the titration of 3-O2 in CH2Cl2 with HBF4, starting with 0.5 
equivalents to 10 equivalents at room temperature in air. 
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Chapter 3 
Ligand Effects on the Overpotential for Dioxygen Reduction by tris(2-pyridylmethyl)amine 
Derivatives 
3.1 Introduction 
 The reactivity of copper complexes with dioxygen is widely studied, although there are 
few quantitative electrochemical results for the electroreduction of dioxygen.
1-5
 In early work, 
Cu-phenanthroline complexes were established as active catalysts for the oxygen reduction 
reaction (ORR), but exhibit high overpotentials.
6-8
 A Cu-3,5-diamino-1,2,4-triazole complex has 
the lowest overpotential for the ORR for a Cu complex of 400 mV at pH 13.
1,9
 Recently we also 
reported that salts of [CuTPA]
2+
 (TPA = tris-2-pyrid-2-ylmethylamine) catalyzes the ORR at low 
pH, with the lowest overpotential for a Cu-complex at pH 1 of 700 mV.
10
  
CuTPA complexes have been widely studied for their reactivity towards dioxygen. For example, 
[Cu(TPA)(MeCN)]
+
 reacts reversibly with dioxygen at -70°C to give a trans-μ-1,2 peroxo 
complex.
11
 Since the initial report, many related derivatives have been prepared with differing 
stabilities of the Cu2O2 complex.
12-14
 Substitution in the 2-position of the pyridines with methyl 
groups stabilizes the peroxo complex at room temperature, and with the proper substitution, the 
initially formed superoxo complex can also be isolated.
15,16
 Changing the methylpyridyl groups 
to ethylpyridyl raises the Cu
I/II
 couple potential and changes the ligand coordination around the 
Cu center from trigonal bipyramidal to square pyramidal for the Cu
I
 complexes.
5,17
 Oxygenation 
of the copper complexes with higher reduction potentials, [CuPMAP]
+
 [PMAP = (2-(pyridine-2-
yl)-N-(2-(pyridine-2-yl)ethyl)-N-(pyridine-2-ylmethyl) ethanamine)] and [CuTEPA]
+
 [TEPA = 
(tris(2-(pyridine-2-yl)ethyl)amine)], exhibit no reactivity toward dioxygen.
18
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Chart 3.1. Diagrams of the ligands TPA, PMEA, PMAP, and TEPA and the E1/2 of the Cu
I/II
 
couple in acetone versus NHE.
18
  
 
Although exhibiting no reactivity toward O2, [CuTEPA]
+
 is of potential interest since the more 
positive potentials of the Cu
I/II
 couple compared to [CuTPA]
+
 may decrease the onset potential 
for the ORR (Chart 3.1). Similar substituent effects have been noted with Cu-phen complexes. 
Methyl and ethyl substituted at the 2 and 9 positions of Cu-phen complexes increase the Cu
I/II 
reduction potential by over 300 mV and the onset of the O2 reduction by almost the same 
amount.
8
  
In addition to changing the Cu
I/II
 couple, we also examined a number of TPA derivatives with 
other functional groups. In particular, substituents that can participate in hydrogen-bonding can 
decrease overpotentials of reactions that require protons, as well as stabilize various dioxygen 
complexes.
19-21
 The hydrogen-bonding groups provide a pathway to shuttle the protons in and 
out of the metal centers required for efficient proton coupled electron transfer (PCET). To 
evaluate this effect, we examined [CuTPA-Piv2]
2+ 
[TPA-Piv2 = N,N’-(6,6’-(((2-pyridin-2-
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yl)ethyl)azanediyl)bis(ethane-2,1-diyl))bis(pyridine-6,2-diyl))bis(2,2-demethylpropanamide] and 
[CuTPA-(NH2)2]
2+
 [TPA-(NH2)2 = (6-(2-((2-(6-aminopyridin-2-yl)ethyl)(2-(pyridine-2-yl)ethyl) 
amino)ethyl)pyridine-2-yl-amine], shown in Chart 3.2.
22-24
 Chelating alkylamines such as 
TACN
25,26
 [TACN = 1,4,7-triazonane] and tren
18,27-29
 [tren = tris(2-aminoethyl)amine] also give 
copper complexes exhibiting dioxygen reactivity comparable to TPA derivatives. The cuprous 
complex of 
i
Pr3TACN  reacts with dioxygen to reversibly interconvert between the side-on 
peroxo and the bis-μ-oxo species,30 and cuprous Me6tren also reacts with O2 to form the trans-μ-
peroxo species.
27
 
  
Chart 3.2. Diagrams of other ligands used in this study. 
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3.2 Experimental 
Ligand Synthesis. Ligands TPA (tris(pyridine-2-ylmethyl)amine),
31
 PMEA (2-(pyridine-2-yl)-
N,N-bis(pyridine-2-ylmethyl)ethanamine),
18
 PMAP (2-(pyridine-2-yl)-N-(2-(pyridine-2-
yl)ethyl)-N-(pyridine-2-ylmethyl)ethanamine),
18
 and TEPA (tris(2-(pyridine-2-yl)ethyl)amine),
18
 
TPA-Piv2 (N,N’-(6,6’-(((2-pyridin-2-yl)ethyl)azanediyl)bis(ethane-2,1-diyl))bis(pyridine-6,2-
diyl))bis(2,2-demethylpropanamide)) and TPA-(NH2)2 (6-(2-((2-(6-aminopyridin-2-yl)ethyl)(2-
(pyridine-2-yl)ethyl)amino)ethyl)pyridine-2-yl-amine)
23,24
 were synthesized as previously 
reported. 
1
H NMR spectra of the ligands matched the literature values. Tren (tris(2-
aminoethyl)amine) was purchased from Sigma-Aldrich and purified by distillation. Me3TACN 
(1,4,7-trimethyl-1,4,7-triazonane) and Me6tren (N
1
,N
1
-bis(2-(dimethylamino)ethyl)-N
2
,N
2
-
dimethylethane-1,2-diamine) were purchased from Sigma-Aldrich and used without further 
purification. 
Ink Preparation. Inks of the Cu complexes were prepared in situ by dissolving the ligands (9.1 
×10
-5
 mol) in 15 mL of ethanol. Then Cu(ClO4)2∙6H2O (0.036 g, 9.1×10
-5
 mol) (99.999%, Alfa 
Aesar) was dissolved in the ligand solution, resulting in complex formation. After standing for 
15 min. to allow for complexation, Vulcan XC-72 carbon black (0.054 g, 4.5×10
-3
 mol) (Cabot 
Corp.) and Nafion solution (60 μL) (5 wt% in alcohols, Sigma-Aldrich) were added and the 
suspension was sonicated for 30 min. to disperse the carbon. This ink was then deposited by 
dropping 10 μL on a glassy carbon electrode, which was dried under a stream of Ar. 
Electrochemical Experiments. Rotating ring disk electrode electrochemistry (RRDE) was 
performed with a CH Instruments 760C bipotentiostat and a Pine Instruments MSRX rotator. 
Experiments were performed in a two compartment cell with a “no leak” Ag/AgCl (ESA, Inc.) 
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reference electrode separated from the working electrode by a Luggin capillary. A Pt mesh 
counter electrode was separated from the working electrode by a glass frit. The working 
electrode was a glassy carbon disk (A = 0.196 cm
2
) with a Pt ring (A = 0.093 cm
2
) (Pine 
Instruments). The Pt ring was held at 1.2 V vs. RHE for all experiments and the collection 
efficiency was determined to be 0.04 by comparison of the disk to ring currents for the 2 e- 
reduction of O2 to H2O2 for unmodified Vulcan carbon. All experiments were calibrated to the 
reversible hydrogen electrode by flushing the cell with 1 atm. of H2 and monitoring the open 
circuit potential after experiments were performed. 
 All solutions were made using Milli-Q purified water. RRDE experiments at pH 1 were 
performed in 0.1 M HClO4 (70 wt% Optima Grade HClO4, Fisher Scientific). RRDE 
experiments at pHs 2-10 were performed in Britton-Robinson buffer consisting of 0.04 M H3BO3 
(99.999%, Sigma-Aldrich), 0.04 M CH3COOH (99.99%, Sigma-Aldrich), 0.04 M H3PO4 (85 
wt% in H2O, 99.99%, Sigma-Aldrich), and 0.1 M  NaClO4 (99.9%, Sigma-Aldrich). The pH was 
adjusted using 10 N NaOH (Fisher Scientific). Solutions for pH 13 experiments were made by 
diluting 10 N NaOH with Milli-Q water.   
 Mass flow rates were monitored with an Omega FMA-78P4 controller and Omega Model 
FMA-867A-V mass flow meters.  
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3.3 Results 
3.3.1 Lengthening TPA connectors 
 RRDE voltammetry experiments for the cupric complexes of TPA, PMEA, PMAP, and 
TEPA are shown in Figure 3.1. At pH 1 (Figure 3.1a), [CuTPA]
2+ 
and [CuPMEA]
2+
 display 
similar onset potentials of 0.53 V, but have different limiting behaviors. [CuTPA]
2+ 
exhibits
 
diffusion limited behavior whereas [CuPMEA]
2+ 
has two different regions of limiting current.  
At potentials between 0.25 and -0.2 V the RDE exhibits a sinusoidal profile.  This profile is 
found at the same potential where considerable peroxide is detected at the ring.  We speculate 
that the sinusoidal behavior is related to peroxide association with the [CuPMEA]
2+
 complex 
since the sinusoidal behavior is not present on the return sweep. At more negative potentials, the 
ORR current increases monotonically and does not show limiting behavior. Reduction of O2 by 
[CuPMAP]
2+
 and [CuTEPA]
2+
 both start at 0.38 V and similarly display two regions of reduction  
currents.  
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Figure 3.1. RRDE voltammograms of [CuTPA]
2+
 (black), [CuPMEA]
2+ 
(red), [CuPMAP]
2+
 
(blue), and [CuTEPA]
2+
 (green) at pH 1 (a), pH 4 (b), pH 7 (c), and pH 10 (d) under 1 atm. of O2 
at 1600 rpm. Ring currents are plotted in dotted lines. 
 
 At pH 4 (Figure 3.1b), [CuTEPA]
2+
 still exhibits low activity, with an onset potential of 
0.48 V and currents with no diffusion limits. [CuPMAP]
2+
 exhibits an onset of ORR similar to 
[CuTPA]
2+
 and [CuPMEA]
2+
 at 0.57 V, but with a lower diffusion limited current. [CuTPA]
2+
 
and [CuPMEA]
2+
 show very similar reactivity.  Table 3.1 reports the number of electrons 
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transferred as a function of pH, determined from the Levich equation using a standard 
method.
9,32
 While the [CuTPA]
2+
 complex exhibits four electron reduction of oxygen to water in 
the diffusion limited region, complexes of the other three ligands shows incomplete reduction, 
with both [CuPMAP]
2+ 
and [CuTEPA]
2+
 exhibiting only two electron reduction. 
 Figure 3.1c shows that once pH 7 is reached, all four complexes behave similarly, with 
onset potentials of 0.69 V and diffusion limited currents. At pH 10 (Fig. 3.1d), [CuPMAP]
2+
 and 
[CuTEPA]
2+
 have more positive onsets of 0.81 V than [CuTPA]
2+
 and [CuPMEA]
2+ 
at 0.77 V. 
All four compounds show similar diffusion limited currents. A plot of the onset potentials vs. pH 
for the four compounds is shown in Figure 3.2 and shows that between pH 5 and 9, all four of 
these complexes have the same onset. The number of e
-
 transferred at pH 7 is the same for all 
compounds, approaching the 4 e
-
 expected for the complete reduction of O2 to H2O (Table 3.1). 
The Cu
I/II
 couples for these complexes determined from cyclic voltammetry studies in pH 7 
Britton-Robinson buffer are also found in Table 3.1.  
 
Figure 3.2. Plot of onset potential for O2 reduction vs. the solution pH for [CuTPA]
2+
 (black), 
[CuPMEA]
2+ 
(red), [CuPMAP]
2+
 (blue), and [CuTEPA]
2+
 (green). 
 
 
68 
 
 
 
Figure 3.3 Tafel plots of [CuTPA]
2+
 (black), [CuPMEA]
2+
 (red), [CuPMAP]
2+
 (blue), and 
[CuTEPA]
 2+
 (green) at under 1 atm of O2 in pH 1 0.1 HClO4 (a), pH 4 (b), pH 7 (c) and pH 10 
(d) Britton-Robinson buffer. 
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Table 3.1. Number of electrons transferred for the ORR for [CuTPA]
2+
 , [CuPMEA]
2+ 
, 
[CuPMAP]
2+
 , and [CuTEPA]
2+
 and the E
1/2
 for the Cu
I/II
 couple at pH 7 vs. RHE (Figure 3.5). 
 
n at pH 1 
(-0.15 V) 
n at pH 4 
(0.0 V) 
n at pH 7 
(0.15 V) 
n at pH 10 
(0.30 V) 
E
1/2
 Cu
I/II 
(pH 7) 
[CuTPA]
2+
 4.0 3.6 3.8 4.2 0.23 
[CuPMEA]
2+ 
3.2 3.6 4.0 4.0 0.37 
[CuPMAP]
2+ 
2.3 2.5 3.6 3.4 0.42 
[CuTEPA]
2+ 
2.2 1.6 3.7 3.7 0.52 
 
 Decreasing the amount of O2 during the ORR reaction by [CuTPA]
2+
 by diluting it with 
Ar results in decreased limiting currents as seen in Figure 3.4. The limiting current is linearly 
related to the partial pressure of O2, displaying a first order dependence of dioxygen in the 
overall reaction. 
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Figure 3.4. RRDE voltammograms of [CuTPA](ClO4)2 supported on XC-72 Vulcan carbon in 
0.1 M HClO4 at 1600 rpm with different partial pressures of O2 in and Ar atmosphere. Inset is a 
plot of the partial pressure of O2 versus the limiting current. 
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.Figure 3.5 Cyclic voltammograms in pH 7 Britton-Robinson buffer under 1 atm Ar of 0.5 mM 
[CuTPA]SO4 (black), [CuPMEA]SO4 (red), [CuPMAP]SO4 (blue), and [CuTEPA]SO4 (green) at 
100 mV s
-1
.  
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Figure 3.6 UV-Vis titrations of [CuL](ClO4)2 complexes with 0.1 M NaOH. pHs initially 
adjusted with 1.0 M HClO4. 
 
3.3.2 Effect of hydrogen-bonding substituents 
 Investigations of the compounds [CuTPA-(NH2)2]
2+
 and [CuTPA-Piv2]
2+
 probe the 
influence of hydrogen-bonding groups on the overpotential for the ORR. Under an atmosphere of 
Ar, these complexes supported on carbon exhibit reversible redox couples at 0.22 V for [CuTPA-
Piv2]
2+
 and 0.42 V for [CuTPA-(NH2)2]
2+
 (Figure 3.8-3.9). The voltammetry exhibits multiple 
peaks, indicating the possible presence Cu
 
site heterogeneity due to different modes of 
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association by the ligand with the C material. The introduction of dioxygen increases the 
cathodic current due to oxygen reduction, as seen in Figure 3.7. The onset of the ORR for 
[CuTPA-(NH2)2]
2+
 occurs at 0.53 V, which is the same as [CuTPA]
2+
. [CuTPA-Piv2]
2+
 exhibits a 
more negative onset of 0.40 V, and a lower current density than [CuTPA]
2+
. The lower current 
density is attributed to [CuTPA-Piv2]
2+
 only reducing O2 to H2O2. The dominance of the 2 e
-
 
pathway for the ORR by [CuTPA-Piv2]
2+ 
is evidenced by the increased ring currents as well as 
the Koutecky-Levich plot (Figure 3.9).  
 
Figure 3.7 RRDE voltammogram of [Cu-TPA(NH2)2]
2+ 
(red) and [Cu-TPA(Piv)2]
2+ 
(blue) under 
1 atm of O2 at 1600 rpm in 0.1 M HClO4. Ring currents are plotted in the dotted lines. 
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Figure 3.8 (a) RRDE voltammogram of [CuTPA-(NH2)2]
2+
 under 1 atm. of Ar, 1600 rpm, 0.1 M 
HClO4. (b) RRDE voltammograms of [CuTPA-(NH2)2]
2+
 under 1 atm Ar (black) at 1600 rpm or 
under 1 atm O2 at 1600 rpm (red), 800 rpm (blue) and 400 rpm (green). Ring currents are plotted 
in dotted lines. Inset is a Koutecky-Levich plot with currents taken at -0.1 V vs RHE, n = 3.5. (c) 
Diffusion corrected Tafel plot of [CuTPA-(NH2)2]
2+
 under 1 atm of O2 in 0.1 M HClO4 at 1600 
rpm. 
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Figure 3.9 (a) RRDE voltammogram of [CuTPA-Piv2]
2+
 under 1 atm. of Ar, 1600 rpm, 0.1 M 
HClO4. (b) RRDE voltammograms of [CuTPA-Piv2]
2+
 under 1 atm Ar (black) at 1600 rpm or 
under 1 atm O2 at 1600 rpm (red), 800 rpm (blue) and 400 rpm (green). Ring currents are plotted 
in dotted lines. Inset is a Koutecky-Levich plot with currents taken at -0.35 V vs RHE, n = 3.5. 
(c) Diffusion corrected Tafel plot of [CuTPA-Piv2]
2+
 under 1 atm of O2 in 0.1 M HClO4 at 1600 
rpm. 
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3.3.3 Alkyl derivatives  
 As discussed in the Introduction, copper complexes of chelating polyamines are known to 
react with dioxygen and form both the end-on and side-on peroxo O2 adducts. These complexes 
include [Cu-tren]
 +
, [Cu-Me6tren]
 +
, and [Cu-Me3TACN]
+
.  It was thus of interest to examine 
possible ORR activity as found for [CuTPA]
 +
.  Figure 3.10 shows the ORR activity for [Cu-
tren]
2+
, [Cu-Me6tren]
2+
, and [Cu-Me3TACN]
2+
 at pH 1.  All three exhibit more negative onsets of 
0.43 V for [Cu-tren]
2+
, 0.33 V for [Cu-Me6tren]
2+
,  and 0.30 V for [Cu-Me3TACN]
2+
 when 
compared to [CuTPA]
2+
 (0.53 V). Additionally, [Cu-tren]
2+
 and [Cu-Me6tren]
2+ 
only catalyze the 
2 e
-
 reduction of oxygen to hydrogen peroxide as evidenced by the high ring currents and by a 
Koutecky-Levich plot (Figures 3.11-3.13). Voltammograms of the three alkyl complexes under 
an Ar atmosphere do not exhibit the characteristic Cu
I/II
 couple seen for all the other complexes 
(Figures 3.11-3.13). 
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Figure 3.10. RRDE voltammograms of [Cu-Me3TACN]
2+
 (black), [Cu-tren]
2+ 
(red), [Cu-
Me6tren]
2+
 (orange)  under 1 atm. of O2 in 0.1 M HClO4 at 1600 rpm. Dotted lines are the ring 
current..  
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Figure 3.11 (a)RRDE voltammogram of [Cu-tren]
2+
 under 1 atm. of Ar, 1600 rpm, 0.1 M 
HClO4. (b) RRDE voltammograms of [Cu-tren]
2+
 under 1 atm Ar (black) at 1600 rpm or under 1 
atm O2 at 1600 rpm (red), 800 rpm (blue) and 400 rpm (green). Ring currents are plotted in 
dotted lines. Inset is a Koutecky-Levich plot with currents taken at -0.0 V vs RHE, n = 0.97. (c) . 
Diffusion corrected Tafel plot of [Cu-tren]
2+
 under 1 atm of O2 in 0.1 M HClO4 at 1600 rpm. 
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Figure 3.12 (a) RRDE voltammogram of [Cu-Me6tren]
2+
 under 1 atm. of Ar, 1600 rpm, 0.1 M 
HClO4. (b) RRDE voltammograms of [Cu-Me6tren]
2+
 under 1 atm Ar (black) at 1600 rpm or 
under 1 atm O2 at 1600 rpm (red), 800 rpm (blue) and 400 rpm (green). Ring currents are plotted 
in dotted lines. Inset is a Koutecky-Levich plot with currents taken at -0.25 V vs RHE, n = 2.3. 
(c) Diffusion corrected Tafel plot of [Cu-Me6tren]
2+
 under 1 atm of O2 in 0.1 M HClO4 at 1600 
rpm. 
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Figure 3.13 (a) RRDE voltammogram of [Cu-Me3TACN]
2+
 under 1 atm. of Ar, 1600 rpm, 0.1 M 
HClO4. (b) RRDE voltammograms of [Cu-Me3TACN]
2+
 under 1 atm Ar (black) at 1600 rpm or 
under 1 atm O2 at 1600 rpm (red), 800 rpm (blue) and 400 rpm (green). Ring currents are plotted 
in dotted lines. Inset is a Koutecky-Levich plot with currents taken at -0.35 V vs RHE, n = 4.3. 
(c) Diffusion corrected Tafel plot of [Cu-Me3TACN]
2+
 under 1 atm of O2 in 0.1 M HClO4 at 
1600 rpm. 
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3.4 Discussion 
 By changing the methylene linkers of TPA to ethylene groups, the Cu
I/II
 reduction 
potential of the complexes shift to more positive potentials in both nonaqueous and aqueous 
solvents. The onset of O2 reduction, however, does not move to more positive potentials as a 
result. The similarity in the onsets for ORR between [CuTPA]
2+
, [CuPMEA]
2+
, [CuPMAP]
2+
, 
and [CuTEPA]
2+
 at pH 7 likely indicates that the mechanism of the ORR for all four compounds 
is the same. Interestingly, the copper(I) derivatives [CuPMAP]
+
 and [CuTEPA]
+
 exhibit no 
reactivity with dioxygen in acetone, but they readily reduce O2 under electrochemical conditions 
in water as shown here. 
 The pH dependence of the onset of ORR for [CuTPA]
2+
, [CuPMEA]
2+
, [CuPMAP]
2+
, and 
[CuTEPA]
2+
 has three regions. At low pH, [CuTPA]
2+
, [CuPMEA]
2+
 have a region with a slope 
of 5 mV/pH, while [CuPMAP]
2+
 and [CuTEPA]
2+
 have very negative onsets. The poor 
performance for the PMAP and TEPA complexes at low pH are likely due to easy protonation of 
the axial pyridyl ligand and deligation of the metal as evidenced from the UV-Vis spectra 
(Figure 3.6). This pKa is below pH 1 for TPA and PMEA, between 1 and 2 for PMAP, and 
between 4 and 5 for TEPA. Above pH 4, all four complexes behave similarly with a slope of ~30 
mV/pH. The activity levels off at pH’s above 10, likely due to Cu-OH formation and 
precipitation.   
 In an attempt to identify the rate determining step (RDS) for the ORR by CuTPA 
complexes, a variety of modified ligands were tested. The H-bonding groups amino groups in 
[CuTPA-(NH2)2]
2+
 affect neither the onset of the ORR nor significantly change the Tafel slope 
compared to [CuTPA]
2+
 (Figure 3.8). [CuTPA-(Piv)2]
2+
 has a more negative onset potential for 
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ORR and a larger Tafel slope compared to [CuTPA]
2+
, which is attributed to steric effects, i.e. 
the pivalyl groups limit formation of Cu2O2 intermediates. The lack of change in the onset or 
Tafel slope when adding amino groups implies that the RDS is likely not a protonation step. 
 Using chelating alkylamines such as tren, Me6tren, and Me3TACN with Cu
2+
 results in 
more negative onset potentials compared to [CuTPA]
2+
. While all the complexes used in this 
study have the same loading of 1 mol% on the Vulcan C support, only the alkyl complexes do 
not exhibit a Cu
I/II
 couple under an Ar atmosphere (Figure 3.11-3.13). Control experiments 
confirm that the ORR behavior of the alkylamine complexes does not arise from the carbon 
support, since the onset for ORR of Vulcan C is 0.20 V at pH 1, well below that of [Cu-tren]
2+ 
and [Cu-Me6tren]
2+
. Vulcan C also only catalyzes the 2 e
- 
reduction, so it is unlike [Cu-
Me3TACN]
2+
.  It is likely that the electron transfer from the mostly graphitic carbon support to 
the aliphatic ligand is poor and results in poor reduction or oxidation of the Cu center, which in 
turn leads to poor O2 reactivity. 
 Determination of the RDS for ORR for [CuTPA]
2+
 may lead to better understanding of 
the ORR reaction with Cu complexes. We have determined from our previous paper that the 
RDS is likely a 2 e
-
 reduction from the low Tafel slope (70 mV/dec) and that the step likely 
involves two copper centers from loading studies. In this paper, we determined that the 
mechanism is first order in O2. We also determined that the RDS is not the reduction of Cu
II
 to 
Cu
I
, nor is it a protonation event. The binding of O2 to 2 Cu’s is likely not the RDS, as it would 
be a C-E mechanism, inconsistent with the observed Tafel slopes. A likely reaction intermediate 
would be a bound hydroperoxo, since the end-on peroxo complex is easily protonated. The 
reduction of a H2O2 intermediate seems a probable RDS, as the scission of the O-O bond is 
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difficult.  Indeed peroxide reduction with [CuTPA]
2+
 occurs at a somewhat more negative 
potential than that found for O2 reduction in the same system.ref 
 
3.5 Conclusions 
 Evaluating the influence of diverse ligands on the ORR by Cu complexes is a complex 
challenge. Changing the reduction potential of the Cu center does not seem to have a large effect 
on the overpotential for the ORR. Addition of hydrogen-bonding groups in the 6-position of TPA 
also does not lower the overpotential, while alkyl derivatives exhibit very large overpotentials. 
At pH 1, [CuTPA]
2+
, [CuPMEA]
2+
, and [CuTPA-(NH2)2]
2+
, all have onsets for ORR within 30 
mV of each other at pH 1, while having very different Cu
I/II
 potentials. The reaction mechanism 
is found to be first order in dioxygen and is shown to be second order in Cu in our previous 
paper. The rate determining step for the ORR by CuTPA
2+
 is then not the Cu
I/II
 reduction, nor is 
it the protonation of a peroxo intermediate and seen in other Cu complexes. Rather, O-O bond 
cleavage at the peroxide level is likely rate determining.
10
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Chapter 4 
Detection of a Copper-perchlorate Hydrate in the Electroreduction  
of [CuTPA]
2+
 in Ar Saturated Acidic Solutions 
 
4.1 Introduction 
 Heterogeneous catalytic mechanisms are typically very difficult to study due to the low 
loading of the active catalysts as well as interferences from the support material.
1
 The use of 
homogeneous catalysts on a heterogeneous support has not received widespread use, typically 
due to low activity of the supported catalysts versus bulk heterogeneous catalysts. As seen in 
previous chapters, supported Cu complexes exhibit catalytic ORR activity, although at larger 
overpotentials than Pt metal catalysts.
2-4
  
The reaction of Cu complexes with O2 is usually presumed to occur through a 
Cu
I
 species.
5-8
 The oxidative addition of O2 to Cu
I
 results in a Cu
II
 superoxo intermediate. In 
most systems, another equivalent of Cu
I
 then adds to the superoxo, resulting in a Cu2-peroxo 
species. A few complexes are known to further reduce to a Cu2
III
-oxo intermediate, which is in 
equilibrium with the peroxo complex. Identification of theses intermediates are typically done at 
very low temperatures (<70°C) in solution in order to slow the kinetics of the oxygenation and 
subsequent reactions.   
 As seen in Chapter 2, [CuTPA]
2+
 is the best Cu based ORR catalyst at pH 1. The slope of 
the onset potential for ORR vs pH for [CuTPA]
2+
 exhibits two different linear regions, one 
between pH 1 and 4 with a slope of 5 mV/pH, and between pH 4 and 10 with a slope of 30 
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mV/pH. A slope of 30 mV/pH has been seen with other Cu compounds and is attributed to a 
RDS of a 2 e
-
 transfer, which is likely the reduction of adsorbed hydrogen peroxide.
9-12
 The low 
slope in acidic solutions is anomalous, however, and may follow a different catalytic cycle than 
that of the neutral pH complex. 
    
4.2 Experimental 
Ligands TPA and PMEA were prepared as previously reported and the compounds 
1
H NMR 
spectra matched the literature reports.
13,14
 
[CuTPA]SO4 TPA (tris-2-pyridylamine) (0.10 g, 0.34 mmol) was solvated in 25 mL of 
methanol. CuSO4∙6H2O (0.085 g, 0.34 mmol) was added to the solution and allowed to complex. 
The solid product was crashed out by the addition isopropanol, yielding a blue solid. The 
complex was recrystallized from MeOH. 
[NiTPA]SO4 TPA (tris-2-pyridylamine) (0.10 g, 0.34 mmol) was solvated in 25 mL of 
methanol. NiSO4∙6H2O  (0.089 g, 0.34 mmol) was added to the solution and allowed to complex. 
The solid product was crashed out by the addition isopropanol, yielding a grey solid.  
[CuPMEA]SO4 Prepared in an identical fashion as [CuTPA]SO4. Solid was isolated as a green 
powder. 
 
In-situ surface enhanced Raman spectroscopy measurements were obtained using a 632.8 
nm HeNe laser and detected with an Andor monochromater with a CCD cooled to -60°C. The 
cell design is as reported previously.
15
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Cyclic voltammograms were obtained using a glassy carbon working electrode (BASi, 
A= 0.71 cm
2) with a Pt mesh counter electrode and a “no-leak” Ag/AgCl reference electrode. 
Potentials were referenced to the reversible hydrogen electrode by flushing the cell without the 
Cu complex with 1 atm of H2 and measuring the open circuit potential between a Pt wire and the 
Pt mesh counter electrode. RRDE voltammograms were performed on a Pine instruments glassy 
carbon electrode (A = 0.196 cm
2
) with a Pt ring (A = 0.093 cm
2
) with a Pt mesh counter and a 
Ag/AgCl “no leak” reference. Samples were prepared as previously reported.11 
Solutions were either 0.1 M HClO4 (70 wt% Optima Grade HClO4, Fisher Scientific), 
0.1 M HNO3 (Fisher Scientific), or Britton-Robinson buffers consisting of 0.1 M NaClO4 
(99.9%, Sigma-Aldrich), 0.04 M H3BO4 (99.999%, Sigma-Aldrich), 0.04 M H3PO4 (85 wt% in 
H2O, 99.99%, Sigma-Aldrich), and 0.04 M CH3COOH (99.99%, Sigma-Aldrich) using Milli-Q 
H2O. Deutero experiments were performed in 0.1 M DClO4 (70% in D2O, 99.99% D, Cambridge 
Isotopes) in D2O (Cambridge Isotopes). 
Polycrystalline Au substrates were prepared by mechanical polishing with Al2O3 
polishing at consecutive 9.5, 3, 1, and 0.3 μm grits. The crystals were sonicated in Milli-Q water 
between polishing steps. The crystals were then electrochemically roughened by the previously 
published procedures.
9
 Polycrystalline Cu substrates were prepared by mechanical polishing with 
diamond polishing (Bhueler) at consecutive 9, 3, 1, and 0.25 μm grits. The crystals were then 
electrochemically roughened by the previously published procedures.
16
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4.3. Results 
4.3.1 Aqueous Electrochemistry on [CuTPA]
2+
 results 
 In an attempt to determine the active species in electroreduction of dioxygen with 
[CuTPA]
2+
, the solution electrochemistry of the complex was studied . Shown in Figure 4.1, 
under Ar at pH 1, [CuTPA]
2+
 exhibits a quasi-reversible wave. The cathodic scan exhibits two 
distinct features, one that looks like a shoulder at 0.13 V next to a peak at 0.03 V. By using the 
Randles-Sevcik equation, both peaks are determined to be 1 e
-
 reductions (Figure 4.2). During 
the oxidation wave, [CuTPA]SO4 exhibits a 2 e
-
 peak at 0.36 V (Figure 4.5.b). The peak shape is 
asymmetric, likely indicating a species is being specifically adsorbed to the electrode under the 
reductive wave at 0.13 V and re-oxidized off at the peak at 0.36 V. None of the observed peaks 
with [CuTPA]SO4 are observed in the absence of Cu
2+
; both TPA and the GC carbon electrode 
do not exhibit any faradaic currents (Figure 4.5.b). 
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Figure 4.1. Cyclic voltammograms of 0.1 mM [CuTPA](SO4)2 in pH 1 (0.1 M HClO4) (black), 
pH 3 (blue), and pH 5 (orange) Britton-Robinson buffer at 100 mV/s under 1 atm. of Ar (a) or O2 
(b) at a glassy carbon electrode. 
 
Figure 4.2 Randles-Sevcik plots for the reduction peaks (a) and the anodic stripping peak (b) 
seen in the CV’s at pH 1 in Figure 4.1.a in 0.1 M HClO4 under an Ar atmosphere.  
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 The anodic stripping peak is coupled to the reduction peak at 0.03 V as can be seen in 
Figure 4.3.a. A sweep window between 0.75 V and 0.2 V only exhibits capacitive currents. Once 
the potential is swept past the reduction feature that starts at 0.1V, the anodic stripping peak can 
be observed. Repeated cycling at potentials more negative than 0.2 V, as shown in Figure 4.3.b 
in red, results in a reduction peak on the first cycle and then only capacitive currents on 
subsequent sweeps. Cycling past 0.2 V results in an anodic peak and the return of the reductive 
peak on the following sweeps.  The lack of a peak past the first sweep when cycling more 
negative than 0.2 V is due to complete coverage of the surface with a reduced solid. 
 
 
Figure 4.3. Cyclic voltammograms of [CuTPA]SO4 in 0.1 M HClO4 under 1 atm. of Ar at a scan 
rate of 100 mV s
-1
. a) Voltammograms at various scan windows. b) Voltammograms with 10 
cycles with various scan windows. 
 
Increasing the pH to 3 (Figure 4.1 blue line), a reversible Cu
I/II 
wave is observed at -0.01  
V, with a peak to peak separation of 54 mV. The oxidation wave of a surface adsorbed species 
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can still be observed at 0.35 V. Upon further increasing the pH to 5, the surface adsorbed species 
is no longer observed, only exhibits a fully reversible Cu
I/II
 couple . Increasing the pH further 
only increases the potential of the Cu
I/II 
couple by 57 mV per pH unit as seen in Figure 4.4.  
The introduction of dioxygen to the solution of [CuTPA]SO4 results in the formation of a 
new reductive wave at 0.09 V attributed to the ORR (Figure 4.1.b) with n of 1.7 e- by the 
Randles-Sevich equation. At low pHs, the surface species oxidation observed under Ar is also 
present in the O2 data. Increasing the pH decreases the anodic stripping peak area, but is still 
observed up to pH 7. The pH dependence of the onset of the ORR, shown in Figure 4.4, has a 
linear dependence of 51 mV per pH. Interestingly, the onset of the ORR is more positive than the 
Cu
I/II
 couple at all pH’s studied. 
 
Figure 4.4. Plot of the potential of the Cu
I/II
 couple (black) and the onset of dioxygen reduction 
(red) for [CuTPA](ClO4)2 in Britton-Robinson buffer. 
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Figure 4.5 (a) Cyclic voltammograms of 0.5 mM [CuTPA]SO4 in 0.1 M HClO4 under 1 atm of 
Ar at 500 (black), 250 (red), 100 (blue), 50 (green), and 25 (orange) mV s
-1
. (b) Cyclic 
voltammograms of glassy carbon electrode (black, overlaps with TPA voltammetry), 0.5 mM 
TPA (red), and 0.5 mM TPA and CuSO4 (blue) at 100 mV s
-1
 under 1 atm of Ar in 0.1 M HClO4. 
 
 Cyclic voltammograms of CuSO4 in 0.1 M HClO4 have a similar shape to the 
voltammograms of [CuTPA]SO4 (Figure 4.6). On the cathodic cycle, reduction of Cu
II
 to Cu
0
 
begins at 0.05 V vs RHE, 100 mV more negative than the [CuTPA]
2+
 reduction. The anodic 
stripping peak for CuSO4 has two distinct peaks, at 0.35 V and 0.40 V, both more negative than 
the [CuTPA]
2+
 stripping peak. Increasing the scan rate results in overlapping of the stripping 
peaks for CuSO4, and at 500 mV s
-1
 only one peak is observed. The current density for the 
stripping peak does not follow a normal Randles-Sevcik plot, due to the merging of the two 
peaks. 
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Figure 4.6 (a) Cyclic voltammograms of 0.5 mM CuSO4 in 0.1 M HClO4 under 1 atm of Ar at 
25 (black), 50 (red), 100 (blue), 250 (green), and 500 (orange) mV s
-1
. (b) Cyclic 
voltammograms of 0.5 mM [CuTPA]SO4 (black) and  CuSO4 (blue) at 100 mV s
-1
 under 1 atm 
of Ar in 0.1 M HClO4. 
 
 Oxygen reduction with Cu nanoparticles prepared by the incipient wetness method is 
demonstrated in Figure 4.7.
17,18
 Vulcan carbon was soaked in a solution of 10 mM CuSO4 and 
then sintered at 600°C for 4 hr under an H2 atmosphere to prepare the nanoparticles. The onset of 
ORR at pH 7 for the Cu metallic nanoparticles is at 0.49 V vs RHE, well below the onset of ORR 
of CuTPA
2+ 
at 0.73 V.  
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Figure 4.7 RRDE voltammograms of Cu(NO3)2 on Vulcan XC-72 carbon sintered at 600°C 
under 1 atm of H2 (black) and [CuTPA](ClO4)2 on Vulcan carbon (blue) in pH 7 Britton-
Robinson buffer under 1 atm of Ar at 1600 rpm. Ring currents are plotted in the dashed lines. 
 
4.3.2 Raman results 
 In-situ surface enhanced Raman spectroscopic studies of [CuTPA]SO4 on a roughened 
Au surface under an Ar atmosphere in 0.1 M HClO4 are shown in Figure 4.8. As the potential is 
decreased, new peaks are observed at 980, 1321 and 2107 cm
-1
 at potentials below 0 mV vs 
Ag/AgCl. Upon the anodic sweep, all three peaks further grow in intensity up to -200 mV, at 
which point the intensity decreases until 200 mV. The peaks are still present at more positive 
potentials, which may be the surface species trapped in asperities on the roughened Au surface. 
The growth of the peaks coincides with a reductive process seen in the voltammetry on Au at -
0.10 mV, and the decrease in intensity also coincides with the oxidative peak at 0.27 V (Figure 
4.9). Titrating the solution with 10 N NaOH until pH 10 is reached results in the growth of a 
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reversible couple in the cyclic voltammograms similar to the GC data and the peaks at 980, 1321 
and 2107 cm
-1
 no longer change intensity with potential. 
  
 
 
Figure 4.8 SERS spectrum of [CuTPA]SO4 in 0.1 M HClO4 under 1 atm of Ar on a roughened 
Au surface. Potentials listed are versus Ag/AgCl. Discontinuity at 1658 cm
-1
 is due to a change 
in monochromator position. 
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Figure 4.9 (a) SERS spectrum of 0.5 mM TPA in 0.1 M HClO4 under 1 atm of Ar on a 
roughened Au surface. Potentials listed are versus Ag/AgCl. (b) SERS spectrum comparison of 
TPA (black) and [CuTPA]SO4 in 0.1 M HClO4 under 1 atm of Ar on a roughened Au surface at -
0.4 V vs Ag/AgCl. Discontinuity at 1650 cm
-1
 is due to a change in monochromator position. 
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Figure 4.10 Cyclic voltammograms of a roughened Au (yellow) electrode in the presensce of 0.5 
mM TPA (red), [CuTPA]SO4 (black), [CuPMEA]SO4 (blue), and CuSO4 (green) in 0.1 M 
HClO4 under 1 atm. of Ar. Scan rate is 100 mV s
-1
.  
 
 The SERS spectra of the potential dependence of TPA in 0.1 M HClO4 are shown in 
Figure 4.9.a. As the potential is swept negative, peaks at 821, 933, 953, 1321 cm
-1
 all grow in 
intensity. The voltammetry of TPA on Au is displayed in the red line in Figure 4.10, where no 
faradaic currents are observed. Thus the 1321 cm
-1
 peak that grows in the [CuTPA]SO4 spectra 
can be assigned to a surface adsorbed TPA molecule, not  a radical anion. Peaks in the 800-1200 
cm
-1
 range do not match the CuTPA spectra in relative intensities or peak positions as seen in 
Figure 4.9.b. Thus the surface adsorbed species in the [CuTPA]SO4 spectra consists of species 
other than free TPA molecule on the Au surface. 
 
 
100 
 
 The peak at 2107 cm
-1
 in the [CuTPA]SO4 spectrum is also observed in a solution of 0.5 
mM CuSO4 in 0.1 M HClO4 in Figure 4.10, which lacks the ligand TPA. As the surface is placed 
under reductive potentials, peaks at 967, 1600, and 2100 cm
-1
 increase intensities at -200 mV vs 
Ag/AgCl. The broad peak at 2100 cm
-1
 overlaps with the [CuTPA]SO4 peak, thus ruling out the 
possibility that the peak is due to CuTPA ligand effects. The same peak is also observed at the 
same Raman shift in a 0.5 mM Cu(NO3)2 solution (Figure 4.11).  
The peak at 1600 cm
-1
 has a broad intensity from the Au substrate (Figure 4.18) and 
overlaps with other peaks in the CuTPA spectrum, and so it is not easy to compare to 
[CuTPA]SO4, while the peak at 967 cm
-1
 in the CuSO4 solution is shifted from the CuTPA peak 
by 13 cm
-1
 (980 cm
-1
) and the Cu(NO3)2 peak by 7 cm
-1
 (973 cm
-1
) (Table 4.1, Figure 4.13). A 
similar shift from 1003 to 1013 cm
-1
 is observed in the Cu(NO3)2 solution. The band at 1024 cm
-1
 
in the CuTPA
2+
 solution does not shift with potential, indicating that peak is not dependent on 
the surface metal. 
The voltammetry at a roughened Au electrode of CuSO4 differs from [CuTPA]SO4 
(Figure 4.10). The reductive process starts at 0.2 V and peaks at 0.05 V vs Ag/AgCl for CuSO4, 
while CuTPA starts reducing at a more negative potential of 0.05 V and peaks at -0.1 V. The 
anodic stripping peaks are also shifted from 0.18 V for CuSO4 to a more positive potential of 
0.28 V for CuTPA. The positive shift of the peaks of CuTPA versus CuSO4 is also observed on a 
GC electrode (Figure 4.6b). 
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Figure 4.11. SERS spectrum of CuSO4∙5H2O in 0.1 M HClO4 under 1 atm of Ar on a roughened 
Au surface. Potentials listed are versus Ag/AgCl. Discontinuity at 1650 cm
-1
 is due to a change 
in monochromator position. 
 
Figure 4.12 SERS spectrum of CuNO3∙6H2O in 0.1 M HClO4 under 1 atm of Ar on a roughened 
Au surface. Potentials listed are versus Ag/AgCl. Discontinuity at 1650 cm
-1
 is due to a change 
in monochromator position. 
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Figure 4.13 Comparison of [CuTPA]SO4 (blue) and CuSO4 (black) in 0.1 M HClO4 and 
Cu(NO3)2 in 0.1 M HNO3 in the 800-1200 cm
-1
 region at -400 mV vs Ag/AgCl. 
 
 Using the deutero analogue, 0.1 M DClO4 in D2O system, as shown in Figure 4.14, does 
not shift the peak at 2100 cm
-1
. This rules out the possibility that the peak is due to a Cu-aquo, 
hydroxo, or a hydride stretch. In the 800-1200 cm
-1
 region, Figure 4.14.b, significant shifts are 
observed. The peaks at 980 and 1024 and 1570 cm
-1
 in HClO4 are shifted to 972 and 1019 and 
1560 cm
-1
 in DClO4, respectively. The negative shift with the deutero solvent is consistent with 
the larger mass of a deutero-aquo or hydroxo species, which should result in slower (lower 
frequency) vibrations compared to the hydrogen analogue. 
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Figure 4.14 (a)SERS spectrum comparison of [CuTPA]SO4 in 0.1 M HClO4 (black) or 0.1 M 
DClO4 (blue) under 1 atm of Ar on a roughened Au surface at -0.4 V vs Ag/AgCl. Discontinuity 
at 1650 cm
-1
 is due to a change in monochromator position. (b) Expansion of the 800 -1200 cm
-1
 
region in (a). 
 
 [CuPMEA]SO4 exhibits similar ORR activity as CuTPA as seen in Chapter 3. The 
voltammetry of CuPMEA and CuTPA on roughened Au in 0.1 M HClO4, Figure 4.10, is also 
similar. SERS spectra of [CuPMEA]SO4 at -400 mV vs Ag/AgCl under Ar are compared to 
[CuTPA]SO4 under identical conditions in Figure 4.15. Most of the peaks from [CuTPA]
2+
 are   
observed at the same Raman shift for [CuPMEA]
2+
. In the 800-1200 cm
-1
 region, the peaks shift 
slightly negative from 980 and 1024 cm
-1
 for CuTPA to 975 and 1018 cm
-1
 for CuPMEA.  
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Figure 4.15 (a)SERS spectrum comparison of [CuTPA]SO4 (black) and [CuPMEA]SO4 in 0.1 M 
HClO4 (red) under 1 atm of Ar on a roughened Au surface at -0.4 V vs Ag/AgCl. Discontinuity 
at 1650 cm
-1
 is due to a change in monochromator position. (b) Expansion of the 800 -1200 cm
-1
 
region in Figure 4.7.a. 
  
 Spectra of [NiTPA]SO4 are shown in Figure 4.16, with the voltammetry scanning from 
700 mV to -200 mV vs Ag/AgCl. The spectra do not exhibit any significant dependence on the 
potential. Peaks in the 800-1200 cm
-1
 region of NiTPA are shifted negative relative to CuTPA. 
No peak was observed in the 2100 cm
-1
 region, indicating that the peak in the Cu spectra may be 
due to a Cu species.  
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Figure 4.16 (a) SERS spectrum of [NiTPA]SO4 in 0.1 M HClO4 under 1 atm of Ar on a 
roughened Au surface. Potentials listed are versus Ag/AgCl. Discontinuity at 1650 cm
-1
 is due to 
a change in monochromator position. (b) Comparison of [CuTPA]SO4 (black) and [NiTPA]SO4 
(orange) in the 800-1200 cm
-1
 region at -400 mV vs Ag/AgCl. 
 
 Control studies of roughened Cu and Au crystals in 0.1 M HClO4 under 1 atm of Ar are 
shown in Figures 4.16 and 4.17. The roughened Cu crystal has peaks at 930 and 965 cm
-1
, which 
are assigned to the perchlorate stretches.
19
 There is also a broad peak at 624 cm
-1
, which can be 
assigned to a perchlorate bending mode. The copper spectra display no significant potential 
dependence in the range of -400 to 200 mV vs Ag/AgCl. The roughened Au substrate has a 
perchlorate asymmetric bend at 692 cm
-1
, symmetric stretch at 930 cm
-1
, as well as a broad peak 
at 1540 cm
-1
. These peaks on Au also show no significant change over the -400 to 400 mV vs 
Ag/AgCl potential range. 
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Figure 4.17 SERS spectrums of roughened Cu in 0.1 M HClO4 under 1 atm of Ar. Potentials 
listed are versus Ag/AgCl.  
 
Figure 4.18 SERS spectrums of roughened Au in 0.1 M HClO4 under 1 atm of Ar. Potentials 
listed are versus Ag/AgCl.  
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Table 4.1 Listing of the SERS peak positions of various systems in the 800-1600 cm
-1
 region at -
400 mV (-200 for [NiTPA]SO4) vs Ag/AgCl on a roughened Au surface. 
Peak 
Raman shift 
[CuTPA]SO4 
In 0.1 M 
HClO4 
Peak 
Raman shift 
[CuTPA]SO4 
In 0.1 M 
DClO4 
Peak Raman 
shift 
[CuPMEA]SO4 
In 0.1 M 
HClO4 
Peak 
Raman shift 
[NiTPA]SO4 
In 0.1 M 
HClO4 
Peak 
Raman shift 
TPA 
In 0.1 M 
HClO4 
980 972 975 973 930 
1024 1019 1018 1014 1007 
1570 1560 - - - 
 
 
4.4 Discussion 
Cyclic voltammetry experiments on [CuTPA]
2+
 with a GC electrode suggest that an 
insoluble species is formed in acidic solutions under Ar atmospheres during reductive currents. 
The asymmetric anodic stripping peak observed is typical of a surface species. The reductive 
waves are 1 e
- 
processes, which corresponds to a Cu
II
 to Cu
I
 reduction, while the oxidation peak 
is a 2 e
- 
process, likely indicating a di-Cu species. There is a possibility that the reduction is the 
Cu
0/II
 reduction, however that reduction would likely proceed by a single 2 e
-
 reduction, not two 
sequential steps as seen in the voltammetry of CuSO4 on GC (Figure 4.3).  
The same anodic stripping peak is observed during dioxygen reduction up to pH 5, where 
no surface species are observed under Ar. The presence of the stripping peak under O2 indicates 
that the reduced Cu species observed under Ar may take place in the catalytic cycle of the ORR 
with CuTPA, or may be a reaction byproduct. 
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The SERS spectra of [CuTPA]SO4 on roughened Au under Ar exhibit a large number of 
peaks. Most of the peak positions are very close to that of free TPA (Figure 4.12). The peaks that 
do not readily match are at 980, 1024, 1570, and 2100 cm
-1
. The peak observed at 2100 cm
-1
 is 
also found in the spectrum of CuSO4 and Cu(NO3)2 at reducing potentials. According to the 
Pourbaix diagram, the Cu
0/II
 potential is at 0.0 V vs NHE at pH 1, indicating that the peak may 
be due to a Cu
0
 species on the surface.
20
 However, the high energy of the peak (2100 cm
-1
, 6.29 
× 10
4
 Hz) is higher than any known Cu phonon mode.
21
 
The peaks at 980 and 1024 cm
-1
 shift to different extents when different solutions are 
used. The peaks shift negative if DClO4 in D2O is used as the electrolyte, indicating that the 
peaks likely have an aquo ligand associated to the Cu species. The peaks also shift negative if the 
ligand is changed from TPA to PMEA, indicating that the species may have the ligands still 
associated to the Cu center.  
While some Cu metal may be produced in the electroreduction of CuTPA, Cu metal is 
not the species active for the high ORR activity. Firstly, the RRDE voltammograms of Cu 
nanoparticles supported on Vulcan C exhibit an onset potential for the ORR almost 300 mV 
more negative than that of CuTPA. Secondly, the Raman spectrum of the reduced CuTPA 
species are not consistent with that of Cu metal. Comparison of the roughened Cu crystal spectra 
to the CuTPA spectra reveal that the perchlorate stretch at 930 cm
-1
, which also appears at the 
same frequency on Au, does not change intensity with potential with CuTPA reduction. There is 
also a growth of the new peak at 980 cm
-1
 in the CuTPA spectrum with reduction current, which 
is not found in the Cu metal spectrum. Finally the peak at 980 cm
-1
 shifts negative upon changing 
both the ligand from TPA to PMEA, and also upon changing the metal from Cu
II
 to Ni
II
. 
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A cuprous perchlorate species may be present at the surface. The initial reduction of 
CuTPA
2+
 is expected to yield a CuTPA
+
 species, similar to the trigonal bipyramidal species 
isolated from the reaction of [Cu(NCMe)4]
+
 with TPA. The species in the open coordination site 
may be a bridging perchlorate species. The new peak growth at 980 cm
-1
 for CuTPA
2+
 is only 
seen at reducing potentials in perchloric acid, compared to the free perchlorate stretch at 930 cm
-
1
 is observed at all potentials. The peak at 2100 cm
-1
 may also be due to a Cu-perchlorate metal-
oxo vibration, which is known to have a weak absorption at 2020 cm
-1
 for solid 
[Cu(ClO4)2]∙6H2O.
19
 
There is also evidence of a copper aquo species. Comparisons between the perchloric 
acid in water and the deutero-perchloric acid in D2O reveal a small shift in the 980 cm
-1
 peak 
region. The slightly negative shifts are expected, however the relative shifts are only ~8 cm
-1
. If 
the aquo group is in the primary coordination sphere, it may limit the amount of hydrogen-
bonding it is able to participate in with the bulk solution, thus resulting in a relatively small shift 
in the peak position. 
While there are known copper hydride species, it is likely that they are not present in the 
solution. Terminal metal hydrides are expected in the 1900±300 cm
-1
 region, but are usually too 
weak to be observed at room temperature by infrared spectroscopy. It is known that νMH are more 
intense in Raman spectroscopy however. Bridging hydrides are usually found in the 1100±300 
cm
-1
 region and have very broad (~100 cm
-1
) absorptions. While peaks in both of these regions 
are observed in the [CuTPA]
2+
 spectra, they do not change position significantly upon 
deuteration. Two peaks are usually observed for deutero briding hydrides, shifted by ~150 cm
-1
 
for the proto and deutero peaks.
22
 While many Cu-H complexes are stable in water, it is likely 
that this is not the case for the electroreduction of CuTPA in perchloric acid. 
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4.5 Conclusions 
 The identification of the electroreduced CuTPA species in perchloric acidic solutions 
remains an unsolved problem. While a number of possibilities may be eliminated, there is likely 
a mixture of species forming on the surface. A Cu-perchlorate directly bonded species may be 
present and is likely partially hydrated. The reduced solid must therefore react with dioxygen to 
form a peroxo species. If the perchlorate is bridging, the di-Cu motif may already be present at 
low pH and provide easy access to protons, which may explain the low pH dependence on the 
onset potential in acidic solutions. 
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Appendix A 
User’s Manual for Omega Mass Flow Meter 
A.1 Using the flow meters 
 This portion will cover the use of the flow meter and LabView program to monitor the 
meters. The technical setup of the instrument can be found after this section. 
 The first step is to turn the power on the FMA-78P4 electronic box by flipping the ON 
switch in the back of the box. This powers the heaters in the flow meters which need 10 min. to 
reach working conditions. Once this is achieved, launch the Mass Flow meter virtual instrument 
(VI) on the PC. The VI monitors all four channels possible from the electronic box. One should 
see Channel 1 (CH1) on the upper left corner, 2 on the upper right, and 3 on the lower left 
(Figure A.1). At the time of this writing, they are set to monitor Ar on CH1, O2 on CH2, CO on 
CH3, and there is nothing connected on CH4. If different gases are used on these channels, one 
must change the gas calibration constants (see Appendix A.2).  
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Figure A.1 View of the front panel for the mass flow Labview virtual instrument. 
Each channel has a raw signal number displayed above the graph area labeled with the 
channel number. This is the voltage output from the electronic box and should read 0 with no gas 
flowing and 6 at the max flow. The meter can only accurately measure numbers between 0 and 5, 
everything above 5 is overloaded. The graphs display the actual flow rate for each gas versus 
time while in the middle of the window are the numeric read out of the flow rate in standard 
liters per minute (slm). To start the program running, push the rightward arrow at the top of the 
window.  
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 The flow rates are adjusted using the needle valves found before the flow meters and 
should be reflected in real time by the graph and readouts. To end the program, use the stop 
button on the right side of the window. Make sure to turn the gases off and close the valves 
before the flow meters so that the next user does not overload them.  
 
A.2 Instrument Setup 
 The mass flow meters used are Omega Model FMA-867A-V. They interface with the 
Omega FMA-78P4 Electronic Box. The electronic box provides power and reads the signal 
output of the mass flow meters. The individual meters are rated with a maximum flow output, 
which is 1 standard liter per minute (slm) for the FMA-867A-V model. The electronic box then 
reads a 0-5 V signal from the meters and displays it as a percentage of the full flow rate for the 
meter. A reading of 20% for the 1 SLM rated box means that the flow rate is 0.2 × 1 slm = 0.2 
slm = 200 sccm (standard cubic centimeter per minute). The electronic box does contain the 
capability to control the flow rate if the flow meters are upgraded to Omega Model FMA-700 
series mass flow controllers. This would be accomplished through the setpoint button on the 
electronic box. While holding in the setpoint button, one changes the setpoint with the dial for 
the particular channel by turning the respective dial. 
 The connection from the mass flow meters to the electronic box is made via a 9 pin 
connector on the meters to a 15 pin connector on the electronic box. The pin functions for each 
connector can be found in Table A.1. The cables need to be custom made or purchased from 
Omega since the pin connections between the box and meters are not the same (i.e. pin 1 on the 
box does not have the same function as pin 1 on the meters). The correct wiring scheme can also 
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be found in Table A.2. User manuals for the flow meters may be found online at 
http://www.omega.com/manuals/manualpdf/M0638.pdf and for the electronic box at 
http://www.omega.com/manuals/manualpdf/M0639.pdf. 
 
Table A.1 Pin functions of FMA-78P4 electronic box and corresponding pins on FMA-700/800 
Series Mass flow meters and controllers 
 
 
 Interfacing the electronic box to a PC to monitor all four the channels at the same time 
may be done with the 25 pin connector (AUX) on the back of the box. The outputs for each 
channel and the commons should be connected to a PC via an analogue to digital converter box, 
such as the National Instruments BNC-2110. The BNC-2110 is then connected to the PC via a 
NI PCI-6023E card using a SH68-68-EP Cable. The output and common are soldered to a 25 pin 
connector with BNC coaxial cables with the output into the center wire and the common on the 
shield. Each channels BNC cable is then put sequentially into an individual AI channel (Channel 
1 is plugged into AI0, Channel 2 into AI1, etc.). The FS/GS sliders should be set to FS for a 
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floating signal (references the signal to the common on the wire instead of the ground for the 
box). If not all four channels are being used, do not connect the unused channels as they cause 
faulty readings on the used channels. 
 
Table A.2 Listing of the pins for the auxiliary 25-pin connector on the FMA-78P4 electronic 
box. 
 
 
  With the National Instruments LabView software installed, one can use the 
Measurement and Automation program to make sure the interface is working correctly. Shown in 
Figure A.2 is the virtual instrument (VI) used for the mass flow meters. To change the gas used 
through the flow meter, the gas calibration constant will need to be changed. All that needs to be 
done is to change the constant in the respective box for the channel label “gas calibration 
constant.” A copy of the gas calibration constant table can be found in Table A.3 or in the user 
manuals. 
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Figure A.2 Screenshot of the block diagram used to monitor gas flow rates. 
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Table A.3 Gas conversion factors
 
 
 
119 
 
Table A.3 continued 
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Table A.3 continued 
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Table A.3 continued 
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Appendix B 
 
Other Various Works on Cu ORR Catalysis 
 
 I examined a large number of Cu catalysts that were not published in papers. This is an 
archive of the various attempts and different catalyst systems. Amongst them are the effects of 
anions, attempts at adding extra electron donors in the ligand systems, changing the support from 
Vulcan C to other carbons and MoS2, and pyrolysis of the supported catalysts. 
 
B.1 Anion Effects 
 The anion in [CuTPA]
2+
  systems can bind quite closely to the open coordination site on 
the axial Cu site that is usually occupied by the solvent in the cupric trigonal bipyramidal 
structure.
159
 RRDE experiments were performed to determine the strength of the Cu-anion bond 
and to find if any anion is detrimental to the ORR. CuTPA complexes were tested in the usual 
fashion of dissolving TPA in ethanol and then adding the various Cu salts, as seen in Chapter 2.  
As can be seen in Figure B.1, there is very little dependence on the onset of ORR for the 
complexes with the weakly coordinating anions nitrate, sulfate, and perchlorate. The acetate, 
chloride, and bromide have ORR onsets from 60 mV (Cl
-
) to 200 mV (CH3COO
-
) more negative 
than perchlorate. The phosphate salt ORR onset is also more negative than the weakly 
coordinating anions, but may be due to the limited solubility of Cu3(PO4)2 in ethanol. 
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Figure B.1 RRDE voltammograms of [CuTPA]
2+
 prepared with Cu(CH3COO)2 (black), CuCl2 
(green), CuBr2 (dark yellow), Cu(NO3)2 (red), Cu(ClO4)2 (blue), Cu3(PO4)2 (orange), and CuSO4 
(purple) in pH 6 phosphate buffer under 1 atm of O2 at 1600 rpm, scan rate = 10 mV s
-1
. 
 
 Most of the Cu complexes in Figure B.1 are somewhat soluble in water, resulting in the 
gradual washing away of the catalyst from the C support upon repeated cycling, as can be seen in 
Figure B.2.a. Repeated stepping between -0.25 V and 0.8 V results in a decrease in the onset 
potential of about 100 mV and a decrease in the current density of 0.2 mA cm
-2
. Holding the 
potential at -0.2 V for 12 h (Figure B.3.a) in 0.1 M HClO4 results in a rapid decay of the current 
density to almost half the initial value. The current reaches a low peak at about 45 min, after 
which the current returns to ~4 mA cm
-2
. The decay of the current density may be due to build up 
of H2O2 in solution. At extended times, the current exceeds that of a 2 e
-
 reduction, which would 
be ~3 mA cm
-2
, which implies that the catalyst is still participating in 4 e
-
 reduction of O2 to 
water, but at a lower rate. The potential holding resulted in reduction in the limiting current 
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density and onset potentials, as shown in Figure B.3.b, but the Tafel slope does not significantly 
change. 
 
Figure B.2 RRDE voltammograms of [CuTPA](ClO4)2 in pH 6 Britton-Robinson buffer under 1 
atm of O2 before (solid) and after 24 steps between -0.25 V and 0.8 V (dashed), scan rate = 10 
mV s
-1
.  
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Figure B.3 (a) Chronoamperometry of [CuTPA](ClO4)2 held at -0.25 V in 0.1 M HClO4 under 1 
atm of O2. (b) RRDE voltammograms of [CuTPA](ClO4)2 before (black) and after (red) 12 hr of 
holding the electrode at -0.25 V under 1 atm of O2 in 0.1 M HClO4 at 1600 rpm with a scan rate 
of 50 mV s
-1
. 
 
B.2 Fuel cell attempts 
 In collaboration with the Kenis group, [CuTPA]SO4 was attempted for use in a flow type 
fuel cell similar to the work with Matt Thorum.
179
 Early attempts were foiled by the water 
solubility of the sulfate salt, which resulted in significant catalyst leaching. To prevent the 
leaching, I synthesized a variety of Cu complexes with different organic anions. The first attempt 
was replacing SO4
2-
 with BPh4
-
. The Kenis collaborators observed very odd oxidation behaviors 
from the catalyst, which is attributed to the ease with which the phenyl rings can be oxidized in 
BPh4
-
. As a result, I used a BAr
F-
 salt, in which the anion does not easily oxidize. 
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 The first attempt at making [CuTPA](BAr
F
)2 started with the synthesis of [CuTPA]Cl2 
made by the addition of TPA to an MeCN solution of anhydrous CuCl2. The solid product, 
[CuTPA]Cl2, precipitated with the addition of hexanes. The BAr
F-
 salt is then synthesized with 
the addition of KBAr
F
 to a solution of [CuTPA]Cl2 in dry THF. The reaction precipitates KCl, 
and the CuTPA
2+
 was separated by filtration. Unfortunately, one of the Cl
-
 anions was bound 
very strongly to the open Cu site and the reaction product was [CuTPACl]BAr
F
 as seen from the 
EA analysis (EA calculated [CuTPACl]BAr
F
: C: 47.94; H: 2.41; N: 4.47. Found: C: 47.9; H: 
2.43 ; N: 4.27). 
 The di-BArF salt was eventually isolated from the reaction of anhydrous [CuTPA]SO4, 
synthesized in a similar manner as [CuTPA]Cl2 but using anhydrous CuSO4, with KBAr
F
. The 
product was crystallized in MeOH/H2O in a 50:50 mixture, yielding green crystals of 
[CuTPA(H2O)](BAr
F
)2. (EA calculated CuTPA(H2O)](BAr
F
)2: C: 46.94; H: 2.11; N: 2.67. Found 
C: 47.09; H: 2.23, N: 2.89). A single crystal X-ray diffraction structure was attempted, but the 
compound is too disordered at the open coordination site, with H2O binding, as well as the 
rotational disorder at the CF3 sites in Bar
F-
 to fully solve the structure (Figure B.4). The unrefined 
atomic positions are listed in Table B.1. 
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Figure B.4 Partially solved crystal structure of [CuTPA∙H2O](BAr
F
)2 with significant disorder in 
the complex. 
 
 RRDE voltammetry of [CuTPACl]BAr
F
 in 0.1 M HClO4 is shown in Figure B.5.a. It can 
be seen that lowering the overall loading from 2 mol% to 10 mmol% leads to increased current 
densities and onset potentials, which is a sign that the compound is highly resistive and high 
loadings lead to large crystallites that block electron conduction from the carbon support to the 
surface of the crystal. Voltammetry for [CuTPA∙H2O](BAr
F
)2 is shown in Figure B.5.b at a 
loading of 10 mmol%. The onset potential of [CuTPA(H2O)](BAr
F
)2 is more negative than 
[CuTPA](ClO4)2 and exhibits a different Tafel slope. The current density is increased as 
compared to [CuTPACl]BAr
F
, likely due to a more labile open coordination site due to the 
exclusion of Cl
-
. 
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Figure B.5 (a) RRDE voltammograms at 1600 rpm of [CuTPACl]BAr
F
  in 0.1 M HClO4 under 1 
atm of O2 at various loadings. Ring currents are plotted in the dotted lines. (b) RRDE 
voltammograms of [CuTPA(H2O)](BAr
F
)2 at 1600 rpm (red), 800 rpm (blue), and 400 rpm 
(green) and [CuTPA](ClO4)2 (purple) under 1 atm of O2 in 0.1 M HClO4. [CuTPA(H2O)] 
(BAr
F
)2 under Ar is plotted in black. Ring currents are plotted in the dotted lines. 
  
 Work with the Kenis group led to positive onset potentials for [CuTPA∙H2O](BAr
F
)2 in 
fuel cells. As shown in Figure B.6, [CuTPA]
2+
 performs better than CuDAT at pH 1. At 
significant current densities, the cell overpotential of ~900 mV is observed, but still is far worse 
than Pt. Power densities for CuTPA are larger than CuDAT at all studied potentials. Further 
attempts at changing the loading to improve the overpotentials were made, but no significant 
reduction of the overpotential was observed. 
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Figure B.6 (a) Polarization diagram of [CuTPA∙H2O](BAr
F
)2 and CuDAT in 0.1 M H2SO4 in a 
microfluidic fuel cell. (b) Plot of power density (open squares) and cell potential (closed squares) 
as a function of the current. 
 
B.3 Support effects 
 CuTPA
2+
 exhibits a very small Tafel slope, close to 60 mV/dec, which may be a 2 e
-
 
transfer rate determining step.
135
 In order to determine if the rate determining electron transfer 
was from the C support to CuTPA
2+
 or if the RDS was the e
-
 transfer from Cu to O2, a variety of 
different supports were examined. Three different C supports, Darco G-60, Norit activated 
carbon, and Vulcan XC-72 C (Cabot) were all used. RRDE voltammograms of [CuTPA](ClO4)2 
on the different carbon supports are  shown in Figure B.7.a. The Darco and Norit supports have 
remarkably larger capacitances than Vulcan C as shown by the hysteresis between the anodic and 
cathodic scans. The onset potentials and current densities for Darco and Norit are not 
significantly different than Vulcan. The similar activity between the C supports leads to the 
conclusion that the electron transfer from the three carbons is similar to Vulcan C, and the likely 
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RDS is e
-
 transfer from Cu to O2, but does not definitively prove it. MoS2 was also examined as a 
support, but showed very poor activity (Figure B.7.b), likely due to the poor overlap between the 
support and the aromatic ligand TPA.  
 
 
Figure B.7 (a) RRDE voltammograms of [CuTPA](ClO4)2 on various C supports in 0.1 M 
HClO4 under 1 atm of O2 at 1600 rpm. Ring currents are plotted in the dotted lines. (b) RDE 
voltammograms of [CuTPA](ClO4)2 on Vulcan XC-72 carbon (blue) and on MoS2 (red) under 1 
atm of O2 and [CuTPA](ClO4)2 on MoS2 under 1 atm of Ar (black) in pH 7 Britton-Robinson 
buffer at 1600 rpm. 
 
 
B.4 Addition of e
-
 donors to the ligand 
 If an e
-
 transfer to the substrate (O2 or H2O2) is the rate determining step, the addition of 
an additional 1 e
-
 donating moiety into the ligand would be expected to lower the overpotential 
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for the ORR. To this end, I examined two complexes, [CuTPA-Fc](NO3)2 and [CuTPA-
Ind](ClO4)2. These two complexes have the 1 e
-
 donors of ferrocene (E
0
 = 0.4 V vs NHE) and 
indole (E (IndH
∙+
/IndH) = 1.24 V vs NHE. E (IndH
∙
/Ind
-
) = 0.53 V vs NHE).
180,181
 Chris Letko 
from the Rauchfuss group prepared the TPA-Fc ligand by the following procedure: 
 A Et2O (5 mL) solution of 1-bromoferrocene (380 mg, 1.4 mmol) and 1,2-dibromoethane 
(0.21 mL, 2.4 mmol), was added dropwise to a Et2O (5 mL) suspension of Mg turnings (120 mg, 
5.0 mmol) over a period of 1 h.  Upon completion of the addition, the resulting mixture was 
stirred for 1 h.  A suspension of 5-Brtpa (300 mg, 0.82 mmol) and NiCl2(dppp) (5.2 mg, 0.0095 
mmol) in Et2O (10 mL) was added to the Grignard, resulting in the immediate formation of a 
yellow precipitate.  The yellow mixture was refluxed over a period of 24 h.  After cooling to 
room temperature, 20 mL of H2O was added to the red reaction suspension to afford a biphasic 
mixture.  The layers were separated and the aqueous layer was extracted with additional Et2O (2 
× 20 mL).  The combined Et2O extracts were dried over MgSO4, filtered, and concentrated to 
afford an orange oil.  Silica chromatography of the oil using a gradient eluent mixture of 
(CH2Cl2: MeOH, 99:1, 95:5) afforded the desired product as an orange solid.  Yield: 100 mg 
(26%).  1H NMR (CDCl3, 500 MHz): δ 3.85 (s, 2H), 3.91 (s, 4H), 4.05 (s, 5H), 4.34 (t, J = 1.9 
Hz, 2H), 4.63 (t, J = 1.9 Hz, 2H), 7.15 (ddd, J = 1.0, 4.9, 6.2 Hz, 2H), 7.49 (d, J = 8.2 Hz, 1H), 
7.61 (d, J = 7.9 Hz, 2H), 7.65-7.73 (m, 5H), 8.53-8.56 (m, 2H), 8.66 (d, J = 2.1 Hz, 1H). 
 
 
132 
 
 
 
Figure B.8 Synthetic scheme for the Ind-TPA ligand. 
 
 The preparation of TPA-Ind was a cross-coupling reaction between N-boc-indole-2-
borate and 5-Br-TPA using standard schlenk techniques under an atmosphere of Ar (Figure B.8). 
N-boc-indole-2-borate (0.20 g, 0.765 mmol), 5-Br-TPA (0.24 g, 0.638 mmol) and Pd(PPh3)4 
(0.037 g, 31.9 μmol) were degassed and solvated in 40 mL dimethoxyethane (DME) in a 100 mL 
schlenk flask. In a separate 50 mL schlenk flask, Na2CO3 (0.27 g, 2.55  mmol) and LiCl (0.027g, 
0.638 mmol) were solvated in 10 mL degassed H2O. The aqueous solution was cannulated into 
the DME solution, which was then refluxed under Ar for 48 hr. The reaction was then cooled to 
room temperature, and 30 mL of H2O was added and the solution was extracted with Et2O (3 × 
25 mL). The organic layers were combined and dried over MgSO4, filtered and the solvent 
removed under reduced pressure. The resulting oil was separated on a neutral alumina column 
(CHCl3/EtOAc). Solvent was removed from the fractions with product. The product was then 
solvated in CH2Cl2 and 100 eq. of trifluoroacetic acid and stirred under Ar for 1 hr to remove the 
Boc protecting group. The solution was neutralized with K2CO3, filtered and evaporated. The 
product was a yellow-red oil that is air sensitive, and turns red after ~1 day with the oxidation of 
the indole ring. The resulting product has a mixture of products due to the irreversible oxidation, 
as seen from the NMR spectrum (Figure B.9) 
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Figure B.9 
1
H NMR of Ind-TPA  
 
 Voltammetry of [CuTPA-Fc](NO3)2 and [CuTPA-Ind](ClO4)2 is shown in Figure B.10. 
The onset potentials for CuTPA-Fc and CuTPA-Ind are the same as CuTPA. The Tafel slopes for 
the complexes are similar also, with CuTPA-Ind showing a different slope (no linear region was 
observed) than the 87 mV/dec for CuTPA and CuTPA-Fc. The increased current density from 
TPA-Ind may be due to increased surface area for the sample from a poorly cast electrode, or 
may be due to the redox activity of the ligand. The standard reduction potential of Fc (0.4 V) is 
below the onset of oxygen reduction, and may account for the exactly similar activity between 
TPA-Fc and TPA. The similarities in the onset potentials for all three complexes indicate they 
likely exhibit the same RDS, a two electron transfer.  
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Figure B.10 RDE voltammograms of [CuTPA](ClO4)2 (black), [CuTPA-Fc](NO3)2 (blue), and 
[CuTPA-Ind](ClO4)2 (red) in 0.1 M HClO4 under 1 atm of O2 at 1600 rpm. Dashed plots are 
under 1 atm of Ar. 
 
B.5 TPA self assembled monolayers on Au 
 In collaboration with Chris Letko again, I attempted to prove definitively that the reaction 
mechanism was di-Cu. Chidsey recently demonstrated a similar study using click chemistry on a 
glassy carbon electrode.
121
 We proposed to anchor a thiol-TPA derivative to a Au surface and 
then study the dependence of the loading on the overpotential.  Letko synthesized the thiol used 
by the method shown in Figure B.11. The end product, referred to as TPA-SH, was dissolved in 
THF along with 
n
BuSH to dilute the loading. The Au crystal was polished with successive 9, 3, 
1, 0.5, 0.1, and 0.025 μm diamond polish and then flamed under a H2 torch for 10 min. The 
crystal was then placed in the thiol bath for 12 hr., followed by 12 hr. in an EtOH bath of 
Cu(ClO4)2.  
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Figure B.11 Synthetic scheme for TPA-SH  
 
 Cyclic voltammograms of a pure CuTPA-SH film have a fairly negative onset potential 
of -0.42 V vs NHE (Figure B.12). Decreasing the ratio of 
n
BuSH to TPA-SH increases the onset 
potential up to a ratio of 2:1 
n
BuSH:TPA-SH. Beyond that, the onset starts to decrease again, 
likely from the increased Cu-Cu distances, preventing a di-Cu interaction with O2. 
Unfortunately, all observed onset potentials are below the onset potential for the ORR by just the 
Au electrode. The result is that we could not completely rule out the possibility that the ORR 
observed is from the Cu complex and not from the Au surface.  
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Figure B.12 (a) Cyclic voltammograms of CuTPA-SH and 
n
BuSH on Au in pH 7 Britton-
Robinson buffer under 1 atm of O2 at 100 mV s
-1
. (b) Plot of the onset of ORR versus the ratio of 
BuSH to CuTPA-SH.  
 
B.6 Pyrolysis studies 
 Studies of metal-phthalocyanines have shown previously that pyrolysis of the complexes 
usually results in increased onset potentials for the ORR.
182
 I attempted to pyrolize CuTPA in a 
similar fashion, but found that the activity did not increase with the pyrolysis at 800°C for 6 hrs 
under an Ar atmosphere (Figure B.13.a). Similar pyrolysis on just the ligand TPA exhibited more 
negative onset potentials by 230 mV, an onset likely due to the Vulcan C. Pyrolysis of Cu(NO3)2 
also had a more negative onset than CuTPA by 180 mV. Pyrolysis of Cu(NO3)2 under an 
atmosphere of H2 to make Cu nanoparticles on the carbon also exhibits a negative onset.
174
 The 
pyrolysis of CuTPA therefore does not create Cu metal on the surface, but is likely still CuTPA. 
TGA studies of the decomposition of CuTPA in Ar result in the creation of Cu metal (Figure 
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B.13.b). The high activity of pyrolized CuTPA on Vulcan may be due to a large increase in the 
complex stability afforded by absorption to the C surface. 
 
 
Figure B.13 (a) RDE voltammograms of TPA (dotted black), pyrolized TPA (dotted red), 
CuTPA (green), pyrolized CuTPA (purple), Ar pyrolized Cu(NO3)2 (red), and H2 pyrolized 
Cu(NO3)2 (blue) on Vulcan C under 1 atm of O2 at 1600 rpm in pH 7 Britton-Robinson buffer. 
(b) TGA traces of [CuTPA](ClO4)2 (blue) and TPA (black) under 1 atm of Ar. 
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Table B.1 Diffraction data for [CuTPA](Bar
F
)2 
Number Label Charge SybylType 
Xfrac + 
ESD 
Yfrac + 
ESD 
Zfrac + 
ESD Symm. op. 
1 B200 0 B 0.278588 0.005287 0.070881 x,y,z 
2 F201 0 F 0.323405 0.331009 0.053315 x,y,z 
3 F202 0 F 0.413921 0.284685 0.0482 x,y,z 
4 F203 0 F 0.372939 0.344737 -0.01581 x,y,z 
5 F204 0 F 0.297959 0.140335 -0.15029 x,y,z 
6 F205 0 F 0.382256 0.091056 -0.13644 x,y,z 
7 F206 0 F 0.30266 0.015109 -0.13059 x,y,z 
8 F207 0 F 0.033903 -0.08975 -0.02791 x,y,z 
9 F208 0 F 0.092623 -0.0114 -0.06159 x,y,z 
10 F209 0 F 0.087087 -0.13325 -0.08225 x,y,z 
11 F210 0 F 0.151495 -0.29353 0.117171 x,y,z 
12 F211 0 F 0.166549 -0.34677 0.045356 x,y,z 
13 F212 0 F 0.240194 -0.3144 0.091478 x,y,z 
14 F213 0 F 0.056223 0.092273 0.127577 x,y,z 
15 F214 0 F 0.063181 0.121291 0.206561 x,y,z 
16 F215 0 F 0.072262 0.211377 0.153976 x,y,z 
17 F216 0 F 0.271448 0.227583 0.270352 x,y,z 
18 F217 0 F 0.323516 0.118666 0.268225 x,y,z 
19 F218 0 F 0.346432 0.215167 0.22052 x,y,z 
20 F219 0 F 0.347718 -0.17216 0.230763 x,y,z 
21 F220 0 F 0.432929 -0.22928 0.213194 x,y,z 
22 F221 0 F 0.427988 -0.11126 0.24263 x,y,z 
23 F222 0 F 0.516232 -0.20221 0.04024 x,y,z 
24 F223 0 F 0.470608 -0.12944 -0.01491 x,y,z 
25 F224 0 F 0.535598 -0.07453 0.034942 x,y,z 
26 C201 0 C.3 0.298111 0.075245 0.025397 x,y,z 
27 C202 0 C.2 0.316672 0.154204 0.040947 x,y,z 
28 H20A 0 H 0.315764 0.169115 0.076625 x,y,z 
29 C203 0 C.2 0.336561 0.211345 0.004293 x,y,z 
30 C204 0 C.2 0.33789 0.189529 -0.04791 x,y,z 
31 H20B 0 H 0.351483 0.228583 -0.07296 x,y,z 
32 C205 0 C.2 0.319329 0.11057 -0.06346 x,y,z 
33 C206 0 C.2 0.29944 0.053428 -0.02681 x,y,z 
34 H20C 0 H 0.286754 -0.00054 -0.03744 x,y,z 
35 C207 0 C.3 0.361297 0.291779 0.021881 x,y,z 
36 C208 0 C.3 0.323029 0.087906 -0.11919 x,y,z 
37 C209 0 C.3 0.227104 -0.06615 0.048797 x,y,z 
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Table B.1 continued 
38 C210 0 C.2 0.182464 -0.04506 0.011458 x,y,z 
39 H21A 0 H 0.181359 0.009574 -0.00243 x,y,z 
40 C211 0 C.2 0.13944 -0.10389 -0.00556 x,y,z 
41 C212 0 C.2 0.141056 -0.18382 0.014763 x,y,z 
42 H21B 0 H 0.111651 -0.22403 0.003132 x,y,z 
43 C213 0 C.2 0.185697 -0.20492 0.052101 x,y,z 
44 C214 0 C.2 0.228721 -0.14609 0.069119 x,y,z 
45 H21C 0 H 0.25923 -0.16051 0.094638 x,y,z 
46 C215 0 C.3 0.091058 -0.08333 -0.04417 x,y,z 
47 C216 0 C.3 0.18533 -0.28841 0.075659 x,y,z 
48 C217 0 C.3 0.245632 0.057659 0.120353 x,y,z 
49 C218 0 C.2 0.181628 0.07032 0.120875 x,y,z 
50 H21D 0 H 0.155817 0.046166 0.094686 x,y,z 
51 C219 0 C.2 0.15539 0.118322 0.159717 x,y,z 
52 C220 0 C.2 0.193156 0.153664 0.198037 x,y,z 
53 H22A 0 H 0.175223 0.186471 0.224584 x,y,z 
54 C221 0 C.2 0.25716 0.141004 0.197516 x,y,z 
55 C222 0 C.2 0.283399 0.093002 0.158674 x,y,z 
56 H22B 0 H 0.327143 0.084349 0.158318 x,y,z 
57 C223 0 C.3 0.087607 0.133352 0.161436 x,y,z 
58 C224 0 C.3 0.298016 0.17641 0.238733 x,y,z 
59 C225 0 C.3 0.343019 -0.04601 0.091073 x,y,z 
60 C226 0 C.2 0.346708 -0.07941 0.140799 x,y,z 
61 H22C 0 H 0.314706 -0.06857 0.164961 x,y,z 
62 C227 0 C.2 0.397221 -0.12868 0.155172 x,y,z 
63 C228 0 C.2 0.444046 -0.14454 0.11982 x,y,z 
64 H22D 0 H 0.478569 -0.17822 0.129644 x,y,z 
65 C229 0 C.2 0.440357 -0.11114 0.070093 x,y,z 
66 C230 0 C.2 0.389844 -0.06187 0.055719 x,y,z 
67 H23A 0 H 0.387324 -0.03904 0.021733 x,y,z 
68 C231 0 C.3 0.399374 -0.16195 0.209418 x,y,z 
69 C232 0 C.3 0.489793 -0.12925 0.033369 x,y,z 
70 CU1 0 Cu 0.5 -0.31416 -0.25 x,y,z 
71 O300 0 O.3 0.493903 -0.25202 -0.32699 x,y,z 
72 N300 0 N.2 0.502946 -0.3529 -0.18563 x,y,z 
73 N301 0 N.2 0.518519 -0.1982 -0.22284 x,y,z 
74 N302 0 N.2 0.42564 -0.39051 -0.26372 x,y,z 
75 N303 0 N.2 0.584506 -0.36753 -0.26271 x,y,z 
76 C301 0 C.3 0.535204 -0.29269 -0.15237 x,y,z 
77 H30A 0 H 0.58025 -0.30574 -0.15147 x,y,z 
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Table B.1 continued 
78 H30B 0 H 0.519529 -0.29768 -0.11653 x,y,z 
79 C302 0 C.3 0.526332 -0.2058 -0.17066 x,y,z 
80 C303 0 C.3 0.526362 -0.13102 -0.13924 x,y,z 
81 H30E 0 H 0.534095 -0.13627 -0.10297 x,y,z 
82 C304 0 C.3 0.517114 -0.06262 -0.15664 x,y,z 
83 H30F 0 H 0.514818 -0.016 -0.13415 x,y,z 
84 C305 0 C.3 0.509533 -0.0523 -0.21231 x,y,z 
85 H30G 0 H 0.503988 0.001139 -0.22729 x,y,z 
86 C306 0 C.3 0.51068 -0.12482 -0.24369 x,y,z 
87 H30H 0 H 0.505689 -0.11995 -0.28028 x,y,z 
88 C307 0 C.3 0.437531 -0.36328 -0.17239 x,y,z 
89 H30C 0 H 0.420912 -0.30938 -0.16039 x,y,z 
90 H30D 0 H 0.434518 -0.40317 -0.14328 x,y,z 
91 C308 0 C.3 0.398558 -0.39351 -0.21657 x,y,z 
92 C309 0 C.3 0.335343 -0.42372 -0.21203 x,y,z 
93 H30I 0 H 0.317078 -0.42318 -0.17865 x,y,z 
94 C310 0 C.3 0.304499 -0.44952 -0.24809 x,y,z 
95 H31C 0 H 0.263784 -0.4708 -0.24303 x,y,z 
96 C311 0 C.3 0.33142 -0.44708 -0.29936 x,y,z 
97 H31D 0 H 0.308337 -0.46488 -0.32908 x,y,z 
98 C312 0 C.3 0.393338 -0.41728 -0.30383 x,y,z 
99 H31E 0 H 0.411948 -0.41676 -0.33707 x,y,z 
100 C313 0 C.3 0.53639 -0.43165 -0.1897 x,y,z 
101 H31A 0 H 0.507458 -0.47491 -0.20285 x,y,z 
102 H31B 0 H 0.551237 -0.44877 -0.15473 x,y,z 
103 C314 0 C.3 0.590474 -0.42573 -0.22493 x,y,z 
104 C315 0 C.3 0.646813 -0.47515 -0.22267 x,y,z 
105 H31F 0 H 0.650239 -0.51636 -0.19639 x,y,z 
106 C316 0 C.3 0.689626 -0.46726 -0.25204 x,y,z 
107 H31G 0 H 0.725963 -0.50049 -0.24835 x,y,z 
108 C317 0 C.3 0.684456 -0.40597 -0.29312 x,y,z 
109 H31H 0 H 0.716707 -0.39905 -0.3176 x,y,z 
110 C318 0 C.3 0.629681 -0.35657 -0.29564 x,y,z 
111 H31I 0 H 0.625766 -0.31494 -0.32161 x,y,z 
112 O400 0 O.3 0.488553 -0.26955 -0.16906 x,y,z 
113 N400 0 N.2 0.509085 -0.36395 -0.31088 x,y,z 
114 N401 0 N.2 0.501254 -0.20268 -0.28324 x,y,z 
115 N402 0 N.2 0.421131 -0.38402 -0.23979 x,y,z 
116 N403 0 N.2 0.580701 -0.37415 -0.22564 x,y,z 
117 C401 0 C.3 0.480012 -0.30698 -0.34797 x,y,z 
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Table B.1 continued 
118 H40A 0 H 0.434779 -0.31862 -0.34994 x,y,z 
119 H40B 0 H 0.497402 -0.31719 -0.38279 x,y,z 
120 C402 0 C.3 0.489463 -0.21836 -0.33413 x,y,z 
121 C403 0 C.3 0.483442 -0.14849 -0.36959 x,y,z 
122 H40E 0 H 0.467919 -0.15835 -0.40377 x,y,z 
123 C404 0 C.3 0.4972 -0.07915 -0.35753 x,y,z 
124 H40F 0 H 0.501622 -0.03745 -0.38331 x,y,z 
125 C405 0 C.3 0.507039 -0.05951 -0.30321 x,y,z 
126 H40G 0 H 0.51182 -0.00368 -0.29193 x,y,z 
127 C406 0 C.3 0.509327 -0.12659 -0.26717 x,y,z 
128 H40H 0 H 0.516756 -0.11587 -0.23133 x,y,z 
129 C407 0 C.3 0.477253 -0.44461 -0.30934 x,y,z 
130 H40C 0 H 0.504553 -0.48605 -0.29204 x,y,z 
131 H40D 0 H 0.46844 -0.46395 -0.34519 x,y,z 
132 C408 0 C.3 0.417826 -0.43724 -0.28053 x,y,z 
133 C409 0 C.3 0.361111 -0.48104 -0.29397 x,y,z 
134 H40I 0 H 0.361129 -0.51768 -0.32288 x,y,z 
135 C410 0 C.3 0.313405 -0.47278 -0.2697 x,y,z 
136 H41C 0 H 0.276162 -0.50036 -0.28009 x,y,z 
137 C411 0 C.3 0.315254 -0.41937 -0.22434 x,y,z 
138 H41D 0 H 0.279952 -0.41452 -0.20275 x,y,z 
139 C412 0 C.3 0.37047 -0.37454 -0.21272 x,y,z 
140 H41E 0 H 0.37076 -0.33655 -0.18449 x,y,z 
141 C413 0 C.3 0.576012 -0.37346 -0.31885 x,y,z 
142 H41A 0 H 0.593037 -0.32083 -0.33252 x,y,z 
143 H41B 0 H 0.582975 -0.41727 -0.3451 x,y,z 
144 C414 0 C.3 0.609742 -0.39568 -0.2701 x,y,z 
145 C415 0 C.3 0.668264 -0.44 -0.26718 x,y,z 
146 H41F 0 H 0.684428 -0.46207 -0.29843 x,y,z 
147 C416 0 C.3 0.697928 -0.45074 -0.22742 x,y,z 
148 H41G 0 H 0.739757 -0.46984 -0.2281 x,y,z 
149 C417 0 C.3 0.667397 -0.43344 -0.17863 x,y,z 
150 H41H 0 H 0.68603 -0.44814 -0.14623 x,y,z 
151 C418 0 C.3 0.608528 -0.39362 -0.1815 x,y,z 
152 H41I 0 H 0.588253 -0.38041 -0.15001 x,y,z 
153 O300 0 O.3 0.506097 -0.25202 -0.17301 1-x,y,-1/2-z 
154 N300 0 N.2 0.497054 -0.3529 -0.31437 1-x,y,-1/2-z 
155 N301 0 N.2 0.481481 -0.1982 -0.27716 1-x,y,-1/2-z 
156 N302 0 N.2 0.57436 -0.39051 -0.23628 1-x,y,-1/2-z 
157 N303 0 N.2 0.415494 -0.36753 -0.23729 1-x,y,-1/2-z 
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Table B.1 continued 
158 C301 0 C.3 0.464796 -0.29269 -0.34763 1-x,y,-1/2-z 
159 H30A 0 H 0.41975 -0.30574 -0.34853 1-x,y,-1/2-z 
160 H30B 0 H 0.480471 -0.29768 -0.38347 1-x,y,-1/2-z 
161 C302 0 C.3 0.473668 -0.2058 -0.32934 1-x,y,-1/2-z 
162 C303 0 C.3 0.473638 -0.13102 -0.36076 1-x,y,-1/2-z 
163 H30E 0 H 0.465905 -0.13627 -0.39703 1-x,y,-1/2-z 
164 C304 0 C.3 0.482886 -0.06262 -0.34336 1-x,y,-1/2-z 
165 H30F 0 H 0.485182 -0.016 -0.36585 1-x,y,-1/2-z 
166 C305 0 C.3 0.490467 -0.0523 -0.2877 1-x,y,-1/2-z 
167 H30G 0 H 0.496012 0.001139 -0.27271 1-x,y,-1/2-z 
168 C306 0 C.3 0.48932 -0.12482 -0.25632 1-x,y,-1/2-z 
169 H30H 0 H 0.494311 -0.11995 -0.21972 1-x,y,-1/2-z 
170 C307 0 C.3 0.562469 -0.36328 -0.32761 1-x,y,-1/2-z 
171 H30C 0 H 0.579088 -0.30938 -0.33961 1-x,y,-1/2-z 
172 H30D 0 H 0.565482 -0.40317 -0.35672 1-x,y,-1/2-z 
173 C308 0 C.3 0.601442 -0.39351 -0.28343 1-x,y,-1/2-z 
174 C309 0 C.3 0.664657 -0.42372 -0.28797 1-x,y,-1/2-z 
175 H30I 0 H 0.682922 -0.42318 -0.32135 1-x,y,-1/2-z 
176 C310 0 C.3 0.695501 -0.44952 -0.25191 1-x,y,-1/2-z 
177 H31C 0 H 0.736216 -0.4708 -0.25697 1-x,y,-1/2-z 
178 C311 0 C.3 0.66858 -0.44708 -0.20064 1-x,y,-1/2-z 
179 H31D 0 H 0.691663 -0.46488 -0.17092 1-x,y,-1/2-z 
180 C312 0 C.3 0.606662 -0.41728 -0.19617 1-x,y,-1/2-z 
181 H31E 0 H 0.588052 -0.41676 -0.16293 1-x,y,-1/2-z 
182 C313 0 C.3 0.46361 -0.43165 -0.3103 1-x,y,-1/2-z 
183 H31A 0 H 0.492542 -0.47491 -0.29715 1-x,y,-1/2-z 
184 H31B 0 H 0.448763 -0.44877 -0.34527 1-x,y,-1/2-z 
185 C314 0 C.3 0.409526 -0.42573 -0.27507 1-x,y,-1/2-z 
186 C315 0 C.3 0.353187 -0.47515 -0.27733 1-x,y,-1/2-z 
187 H31F 0 H 0.349761 -0.51636 -0.30361 1-x,y,-1/2-z 
188 C316 0 C.3 0.310374 -0.46726 -0.24796 1-x,y,-1/2-z 
189 H31G 0 H 0.274037 -0.50049 -0.25165 1-x,y,-1/2-z 
190 C317 0 C.3 0.315544 -0.40597 -0.20688 1-x,y,-1/2-z 
191 H31H 0 H 0.283293 -0.39905 -0.1824 1-x,y,-1/2-z 
192 C318 0 C.3 0.370319 -0.35657 -0.20436 1-x,y,-1/2-z 
193 H31I 0 H 0.374234 -0.31494 -0.17839 1-x,y,-1/2-z 
194 O400 0 O.3 0.511447 -0.26955 -0.33094 1-x,y,-1/2-z 
195 N400 0 N.2 0.490915 -0.36395 -0.18912 1-x,y,-1/2-z 
196 N401 0 N.2 0.498746 -0.20268 -0.21676 1-x,y,-1/2-z 
197 N402 0 N.2 0.578869 -0.38402 -0.26021 1-x,y,-1/2-z 
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Table B.1 continued 
198 N403 0 N.2 0.419299 -0.37415 -0.27436 1-x,y,-1/2-z 
199 C401 0 C.3 0.519988 -0.30698 -0.15203 1-x,y,-1/2-z 
200 H40A 0 H 0.565221 -0.31862 -0.15006 1-x,y,-1/2-z 
201 H40B 0 H 0.502598 -0.31719 -0.11721 1-x,y,-1/2-z 
202 C402 0 C.3 0.510537 -0.21836 -0.16587 1-x,y,-1/2-z 
203 C403 0 C.3 0.516558 -0.14849 -0.13041 1-x,y,-1/2-z 
204 H40E 0 H 0.532081 -0.15835 -0.09623 1-x,y,-1/2-z 
205 C404 0 C.3 0.5028 -0.07915 -0.14247 1-x,y,-1/2-z 
206 H40F 0 H 0.498378 -0.03745 -0.11669 1-x,y,-1/2-z 
207 C405 0 C.3 0.492961 -0.05951 -0.19679 1-x,y,-1/2-z 
208 H40G 0 H 0.48818 -0.00368 -0.20807 1-x,y,-1/2-z 
209 C406 0 C.3 0.490673 -0.12659 -0.23283 1-x,y,-1/2-z 
210 H40H 0 H 0.483244 -0.11587 -0.26867 1-x,y,-1/2-z 
211 C407 0 C.3 0.522747 -0.44461 -0.19067 1-x,y,-1/2-z 
212 H40C 0 H 0.495447 -0.48605 -0.20796 1-x,y,-1/2-z 
213 H40D 0 H 0.53156 -0.46395 -0.15481 1-x,y,-1/2-z 
214 C408 0 C.3 0.582174 -0.43724 -0.21947 1-x,y,-1/2-z 
215 C409 0 C.3 0.638889 -0.48104 -0.20603 1-x,y,-1/2-z 
216 H40I 0 H 0.638871 -0.51768 -0.17712 1-x,y,-1/2-z 
217 C410 0 C.3 0.686595 -0.47278 -0.2303 1-x,y,-1/2-z 
218 H41C 0 H 0.723838 -0.50036 -0.21991 1-x,y,-1/2-z 
219 C411 0 C.3 0.684746 -0.41937 -0.27566 1-x,y,-1/2-z 
220 H41D 0 H 0.720048 -0.41452 -0.29725 1-x,y,-1/2-z 
221 C412 0 C.3 0.62953 -0.37454 -0.28728 1-x,y,-1/2-z 
222 H41E 0 H 0.62924 -0.33655 -0.31551 1-x,y,-1/2-z 
223 C413 0 C.3 0.423988 -0.37346 -0.18115 1-x,y,-1/2-z 
224 H41A 0 H 0.406963 -0.32083 -0.16749 1-x,y,-1/2-z 
225 H41B 0 H 0.417025 -0.41727 -0.1549 1-x,y,-1/2-z 
226 C414 0 C.3 0.390258 -0.39568 -0.2299 1-x,y,-1/2-z 
227 C415 0 C.3 0.331736 -0.44 -0.23282 1-x,y,-1/2-z 
228 H41F 0 H 0.315572 -0.46207 -0.20157 1-x,y,-1/2-z 
229 C416 0 C.3 0.302072 -0.45074 -0.27258 1-x,y,-1/2-z 
230 H41G 0 H 0.260243 -0.46984 -0.2719 1-x,y,-1/2-z 
231 C417 0 C.3 0.332603 -0.43344 -0.32137 1-x,y,-1/2-z 
232 H41H 0 H 0.31397 -0.44814 -0.35378 1-x,y,-1/2-z 
233 C418 0 C.3 0.391472 -0.39362 -0.31851 1-x,y,-1/2-z 
234 H41I 0 H 0.411747 -0.38041 -0.34999 1-x,y,-1/2-z 
235 O2 0 O.3 0.469946 -0.38969 -0.09606 x,y,z 
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Appendix C 
Synthesis and Characterization of Metal Oxides 
 
C.1. Metal Oxide Characterization  
C.1.1 Introduction to photoelectrochemical water splitting 
 The demand for energy is expected to rise dramatically, from a world-wide consumption 
of ~ 17 TW in 2010, to over 28 TW in 2050. In order to meet the increased energy demand, a 
new energy source is needed, as peak oil production is not expected to significantly increase over 
the same time period. The most promising candidate for a new energy source is the sun as it 
provides 1.2 × 105 TW of energy to earth on a yearly basis. 
 How to transform solar radiation to meet the world’s present and future energy demands 
is a topic currently receiving extensive research and development. Solar panels based off of 
polycrystalline silicon are being manufactured at the lowest prices and highest volumes on 
record. These solar cells are typically have a quantum efficiency, the amount of energy put out by 
the solar cell divided by the energy of the incident radiation, of 5-10%. Additionally, since the 
sun is an intermittent power source, the solar energy needs to be stored for use during the 
nighttime and on cloudy days. One way to store the energy is through the electrolysis of water to 
produce H2 and O2. The H2 can be stored and used later in fuel cells when the sun is not available 
to produce energy directly, or in mobile platforms, such as a vehicle. 
 Current electrolysis technologies are relatively efficient (~70%), but the production is 
expensive since it employs electricity from the grid (>$20 / GJ).183 To decrease the cost and 
increase the ease of use of a photoelectrolysis system, I sought to create nanoparticles that can 
absorb photons and use the photoexcited electrons and holes to split water. Elimination of the 
external circuitry for a photovoltaic and electrolyzer by using an all in one system should 
 
 
146 
 
decrease the costs and increase overall quantum efficiencies. 
 
Figure C.1 Diagram of the electronic requirements for a photocatalytic water splitting 
semiconductor. 
 
 A semiconductor with a bandgap of at least 1.23 eV is needed to accomplish the water 
splitting (Figure C.1). The valence band needs to lie at a potential more negative than the H+/H2 
redox potential of 0.0 V vs NHE, and the conduction band needs to be more positive than 1.23 V, 
the standard potential of water oxidation. In practice, a larger bandgap (around 2 eV) will be 
needed due to the significant overpotential each half reaction will need to be overcome.  
 While a well-placed bandgap is the most important factor for a water splitting catalyst, 
most small bandgap semiconductors are easily corroded in aqueous environments. Elemental 
semiconductors such as Si and Ge easily oxidize to form oxides with bandgaps higher than 3 eV. 
Metal sulfides and selenides are also widely studied semiconductors, but also corrode in 
solutions that do not contain sodium sulfide or selenide. For a practical semiconductor, the 
choice of a metal oxide semiconductor is the obvious choice. However, many metal oxides have 
2.5 eV bandgaps or greater, which limits their visible light activity. 
 When two semiconductors are placed in contact with each other, their Fermi levels (the 
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energy level where the odds of an electron occupying that level is ½), equilibrate. The 
equilibrium is achieved by the majority charge carrier, electrons in n-type and holes in p-type in 
the layer near the interface, creating what is known as a depletion region. Since electrons have 
migrated to the interface in a n-type semiconductor, the cation counter charge is left behind. The 
positive charge near the interface raises the band energy at the interface, and negative charge on 
a p-type stabilizes the bands, the result of which is called band-bending.Utilizing band-bending, I 
sought to combine two photocatalysts and try to produce a catalysts heterojunction with a 
reduced bandgap.  
 TiO2, or titania, is a very well studied photocatalyst. With a bandgap of 3.0 eV, titania is 
only active under UV irradiation. Honda and Fukishima first demonstrated the possibility of 
using titania for water splitting in 1972. Since then it has been widely regarded as the standard of 
comparison for any other photocatalyst. In addition, due to its property to photoxidize organic 
molecules, titania has been incorporated into ‘self-cleaning’ paints and other thin films, which 
are now being commercialized. The large bandgap of titania limits the activity, because it cannot 
effectively absorb the majority of the solar spectrum. There are a few reports of visible light 
active water splitting metal oxides. InVO4, indium vanadate, was reported to evolve hydrogen 
under irradiation with visible light.184  
 
C.1.2 Experimental 
 InVO4 – Indium vanadate nanoparticles were synthesized by a sol-gel method. 0.73 g of 
NH4VO3 (6.2 mmol, 99% Sigma-Aldrich) and 1.44 g of In(NO3)3 (6.3 mmol, 99% Sigma-
Aldrich) were refluxed in water in air for 24 hrs. with stirring. The pH of the solution was 
changed by the addition of concentrated HNO3 (Sigma-Aldrich) or NH4OH (Fisher Scientific). 
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After refluxing, the suspension was cooled to room temperature, filtered and washed with 
deionized water and acetone. The particles were further dried in an oven at 130°C for 6 hrs.  
 InVO4-TiO2 composite - Heterojunctions were prepared by the hydrolysis of titanium 
isopropoxide (Ti(OiPr)4, 97%, Sigma-Aldrich). Manipulations were done under nitrogen using 
Schlenk line techniques. Dry methanol was then added to InVO4 nanoparticles in a 
concentrations between 0.001 and 0.10 M. The mixture was then sonicated for 30 min to suspend 
the particles. Ti(OiPr)4 was then injected in to the suspension and refluxed under N2 for 6 hours 
followed by 12 hours in air. The solids were then collected via filtration and washed with 
acetone. The composites were annealed in air at 600°C for 6 hours. 
 TiO2 – TiO2 rods were prepared identically to the composite, without the addition of 
InVO4 nanoparticles. 
  
 TEM micrographs were obtained on either a JEOL 2010 LaB6 or a JEOL 2010F (S)TEM 
equipped with an EDX spectrometer. Diffuse reflectance data was obtained with a Varian / Cary 
5 G spectrometer. Powder X-ray diffaction data was obtained with a Rigaku D/Max-b. 
Cathodoluminescence was obtained with JEOL 7000F Analytical SEM equipped with a Gatan 
MonoCL3 Cathodoluminesence(CL) Spectrometer. 
 
C.1.3 Results 
 TEM micrographs of InVO4 nanoparticles prepared at various pH’s are shown in Figure 
C.2. At pH 7-4, the nanoparticles average 15-20 nm in size, are approximately spherical, and 
agglomerate easily. At pH 3, the average particle size decreases to 10 nm, and particles shapes 
have become more random. When pH 2 is used, the precipitate is no longer spherical, and instead 
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appears to be a roll of sheets of InVO4. 
 
 
Figure C.2 TEM micrographs of InVO4 nanoparticles synthesized at various pH’s. 
 
 The average crystallite size is constant at 15 nm between pH 7 and 4 by a Rietveld 
analysis of the X-ray powder diffraction data shown in Figure C.3. All peaks are indexed to the 
orthorhombic InVO4 structure. As the pH is decreased below 4, the average crystallite size 
decreased to 10 nm at pH 3, and 7 nm at pH 2, as can be seen be decreased peak intesities as well 
as peak broadening. The XRD data is in good agreement with the particle sizes observed by 
TEM (Fig. C.2). 
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Figure C.3 Powder X-ray diffraction patterns for InVO4 nanoparticles synthesized at various 
pHs. 
  
TiO2 rods and InVO4:TiO2 composites were prepared by a typical sol-gel method. The 
concentration of the InVO4 in suspension when Ti(O
iPr)4 is added is critical to forming the 
heterojunctions. As shown in Figure C.4, concentrations lower than 0.05 M InVO4 in MeOH lead 
to nucleation of seperate TiO2 rods. At 0.05 M, the TiO2 rods are unevenly decorated with InVO4 
agglomerates. At 0.1 M the TiO2 rods appear to be fairly unifomily decorated with InVO4 
nanoparticles. 
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Figure C.4 TEM micrographs of InVO4:TiO2 composites synthesized at various InVO4 
concentrations. 
 
 Powder diffraction patterns of the as synthesized composite exhbits only InVO4 peaks, as 
seen in Figure C.5. After annealing at 600°C for 4 hrs., a shoulder was observed on the InVO4 
pattern at 26°, suggesting the presense of anatase-TiO2. To verify if the shoulder observed in the 
TiO2:InVO4 composite was due to anatase-TiO2, a sample of TiO2 was prepared without InVO4 
nanoparticles and then annealed under the same conditions, 600°C for 4 hrs. The TiO2 annealed 
without InVO4 nanoparticles had a peak at 26° which can be referenced to the main (110) peak 
for anatase TiO2. 
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Figure C.5 Powder X-ray diffraction patterns of a) InVO4 nanoparticles, b) unnanealed 
TiO2:InVO4 c) annealed TiO2:InVO4 at 600°C for 4 hrs. and d) TiO2 annealed at 600°C for 4 hrs. 
 
 Diffuse reflectance of the annealed TiO2 rods displays an absorbance starting at 375 nm 
(Figure C.6), within the UV region, which gives a bandgap of 3.31 eV. InVO4 absorbes starting 
at 550 nm (2.26 eV), but the absorbance is weak and broad, consistent with a indirect band-gap. 
The InVO4:TiO2 composite exhbits similar features to InVO4, but with increased absorbance in 
the UV region. 
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Figure C.6 Diffuse reflectance spectrum of InVO4 (red), TiO2 (blue), and TiO2:InVO4 
composites (black). 
  
 Cathodoluminescence studies of TiO2 rods emite at 350 nm, consitent with the band-edge 
observed by diffuse reflectance. InVO4 emits broadly at 550nm also consistent with the 
beginning the band-edge in the UV-Vis spectrum. The broad emmision may be due to a large 
number of surface states that may be present in the nanoparticles. The composite emmision is 
very similar to the TiO2 spectrum. The emission from only TiO2 may be due to the direct 
bandgap of TiO2. The photoexcited electrons may migrate from the InVO4 to the TiO2 which 
then relax. Thus it may be that there is efficient electronic communication between the TiO2 rods 
and the InVO4 nanoparticles. 
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Figure C.7 Cathodoluminescence spectra of InVO4:TiO2 composite (a), TiO2 rods (b) 
and InVO4 nanoparticles (c). 
 
 
Appendix C.2 – Electrochemistry of Metal Oxides 
 
C.2.1 - Introduction 
 The use of electrochemistry is a practical way to determine the band positions of 
semiconductors. The combination of photoelectrochemistry with Mott-Schottky analysis allows 
one to accurately determine the flatband potential of the semiconductor. These techniques are 
more accessible and easier to use than ultraviolet photoelectron spectroscopies (UPS) as they do 
not require ultra-high vacuum systems that can be prohibitively expensive. 
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The electrochemistry of semiconductors is interesting due to the phenomenon known as 
band bending. Semiconductors are characterized by the energy gap between the upper-most filled 
energy band called the valence band, EVB, and the lowest unfilled energy band known as the 
conduction band, ECB, (Figure C.8). The gap between the valence and conduction bands is 
known as the bandgap, Eg. The Fermi-level, which is defined as the energy at which the 
probability of finding and electron is ½, lies directly in the middle of the bandgap in an undoped 
intrinsic semiconductor. When a semiconductor is doped, the Fermi-level shifts, toward the 
valence band if it is p-doped or towards the conduction band if it is n-doped. 
 The Fermi-level is the chemical potential of the semiconductor, and when a 
semiconductor is placed in water, the chemical potential of the water and the semiconductor 
equalize. The semiconductor changes its potential by accepting or releasing electrons into the 
solution. The result is that a region of charge accumulation (p-type) or depletion (n-type) is 
formed. The resulting potential placed at the surface of the semiconductor causes the bands to 
shift downward in an n-type semiconductor. The shift is called band bending and can be 
quantified with solution electrochemistry. 
 
 
Figure C.8 Schematic of the band bending found in semiconductors immersed in a solution. 
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Electrochemical measurements can be used to find what is known as the flat-band 
potential. This is defined as the potential required to raise the Fermi level so that the bands are no 
longer bent, or the potential required to make the depth of the depletion region zero. When a 
semiconductor is doped, it moves the Fermi-level close to the VB or CB so that the flat-band 
potential is a reasonable estimate of where the conduction (n-type) or valence (p-type) bands 
energy. 
When a potential is applied to a semiconductor, the bulk band energies change; a negative 
potential moves the band higher in energy and a positive potential shifts them to lower energy. 
Applying a positive potential to the semiconductor stabilizes the bands, moving them to lower 
energies. The stabilization increases the space-charge region, and no current flows into the 
solution. Application of a negative potential adds electrons to the semiconductor, destabilizing it 
due to electron-electron repulsion. The band edges are pinned due to their interaction with the 
solution. Initially, no current flows with the applied potential because all the added electrons 
neutralize the space-charge region. When the flatband potential is reached, current flows into the 
solution. 
 Illumination of the semiconductor with photons of energy greater than Eg will excite 
electrons from the valence-band to the conduction-band. The photoexcited electrons in the 
conduction band are passed into the solution with those from the valence-band, but there is little 
increase in current compared to the large current in a dark sample. The fraction of photo-excited 
charge carriers to the valence-band carriers is so small as to be unobserved in the CV. 
Photoexcitation has a large effect on the anodic current, as the photo-excited holes will flow into 
the solution when a positive potential is applied. The increase in current is large due to the large 
increase of positive charge carriers (holes) over the dark current, where there are only a few 
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holes due to thermal excitation. Thus onset of the photoanodic current in an n-type 
semiconductor occurs at the flatband potential. 
 
 
Figure C.9 Schematic of measured potentials in electrochemistry on semiconductors 
 The Mott-Schottky equation relates the capacity of the SC region to the flat band 
potential with Equation 1, where CSC is the measured capacity of the SC region, ND is the bulk 
doping density, q is the charge of an electron, κ is the dielectric constant of the solid, εo is the 
permittivity of free space, A is the area of the electrode, and Vm is the measured potential (Figure 
C.9). The flat band potential is determined from a plot of CSC
-2 versus the applied potential, 
which should be a straight line. The x-intercept of the plot then can be related to the flat band 
potential. Photocurrent onset also should occur at the flat band potential. When the flat band 
potential is reached, the bands are no longer bent and photoexcited holes in the valence band 
should be able to flow into the solution, and photocurrent is seen185. 
    CSC
-2 = (2/NDqκεoA
2)(Vm - VFB  - kT/q)   (1) 
 
C.2.2 Experimental 
Cyclic voltammograms were performed on CH Instruments 760C bipotentiostats. An 
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Newport model 69902 150 W Xe lamp and a Newport 69907 power supply were used to 
illuminate the samples. A series of cutoff filters by Edmund optics (UV-Vis filter kit 47-417) 
were employed to examine the visible light response of the metal oxides. Cyclic voltammetry 
was done in a single compartment cell with Pt mesh counter electrode and a Ag/AgCl reference 
electrode seperated from the cell with a Luggin capillary. Solutions were prepared with K2SO4 
(99.99%, Sigma-Aldrich) and Milli-Q water; the pH was adjusted with H2SO4 (Aldrich). All 
experiments were done under an argon atmosphere.  
 Electrodes for electrochemical studies were prepared by dropping suspension of the 
solids in ethanol onto indium-tin oxide (ITO) coated glass slides (70-100 Ω/sq, Sigma-Aldrich). 
ITO slides were cleaned by sonicating in solutions of Milli-Q water, ethanol, and acetone 
sequentially for 10 min. The suspension was doctor-bladed onto the slide using Scotch tape as a 
spacer. The solvent was allowed to evaporate, and then more suspension was added and the steps 
repeated until a uniformly thick layer was achieved. The electrodes were sintered in a tube 
furnace in air at 400°C for X hours. Electrical contacts were made with InGa eutectic and a 
copper wire held together with epoxy.  
 
C.2.3 – Results 
 Cyclic voltammograms of InVO4 nanoparticles are shown in Figure C.10.a under an 
atmosphere of Ar. In the dark, the CV has a large slope in it, likely due to the high resistivity of 
the MO film. The cathodic sweep has a reduction peak at -0.3 V vs Ag/AgCl as well as some 
H+ reduction at very low potentials. The anodic sweep exhibits two oxidation peaks at -0.25 V 
and 0.1 V, which are coupled to the cathodic peak at -0.3 V, but the exact redox process is 
unknown. Illumination with the full arc of the Xe lamp produces an increase in anodic current 
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starting at 0.0 V. There is also a photocathodic current with an onset of -0.05 V. Using a 400 nm 
cutoff filter to remove the UV light, photocurrent is still observed, but smaller in magnitude than 
the full spectrum photocurrent. AC voltammetry experiments were employed to determined the 
flat-band potential. Scanning from 1.0 V to -0.4 V, AC voltammetry of InVO4 particles exhibit a 
linear region from 1.0 to 0.2 V, which when fit to a line, the X-intercept gives the flat-band 
potential. At all the frequencies used for the experiment, EFB was found to be 0.05 V for InVO4, 
in good agreement with the onset of photocurrent. 
 Voltammetry of prepared TiO2 rods is shown in Figure B.10.b. Cyclic voltammograms in 
the dark exhibit a large cathodic current at -0.5 V, likely proton reduction. The anodic scan has a 
large peak at -0.75 V, which is attributed to the reoxidation of adsorbed H2. Upon illumination 
with the full arc, only photoanodic current is observed, starting at -0.75 V. With the 400 nm 
cutoff, no photocurrent is observed, in agreement with the 3.0 eV bandgap of TiO2. AC 
voltammetry experiments  display different slopes for all the frequencies, but agree on a flat-
band potential of -0.35 V. 
 The nanocomposite of InVO4 and TiO2 exhibits voltammetry had features similar to that 
of InVO4 as shown in Figure B.10.c. Cyclic voltammograms on have a large H
+ reduction 
current with an onset of -0.75 V. The anodic sweep does not have a large H2 oxidation peak as 
observed on TiO2. A small peak at 0.0V is similar to a peak in pure InVO4. Illumination results in 
photoanodic current onsets of 0.0 V and photocathodic currents at -0.75 V. AC voltammetry 
exhibits a small range of slopes, with an average EFB = 0.05 V. 
 A physical mixture of InVO4 and TiO2 exhibits voltammetry different than either the 
nanocomposite or the individual metal oxides. As shown in Figure B.10.d, cyclic 
voltammograms exhibit two regions of cathodic H+ reduction, one that coincides with TiO2 at -
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0.5 V, and another increase in current at -0.75 V as observed with InVO4. The mixture exhibits 
no discernable anodic peaks. Illumination results photoanodic current onsets of -0.4 V and 
photocathodic current onsets at the same potential. Visible light illumination results in the same 
onsets of photocurrent, with smaller magnitudes. Two very different flat-band potentials are 
observed with AC voltammetry, one at low frequencies at -0.05 V, similar to InVO4, and a much 
more negative EFB at -0.4 V at large frequencies.  
 
 
Figure C.10 Cyclic voltammagrams of InVO4 nanoparticles (a), TiO2 rods (b), TiO2:InVO4 
composite (c), physical mixture of TiO2 rods and InVO4 nanoparticles (d) in the dark (black), 
under full arc illumination from a 150W Xe lamp (red), and with a 400 nm cutoff filter (blue) on 
the left axis. Mott-Schottky plots are on the right, at various AC frequencies. 
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Photoelectrolysis in 10% methanol in water of the InVO4:TiO2 composite shows 
increased activity over the pure InVO4 under UV light (1,300 μmol g
-1 hr-1), but no activity under 
visible light. The TiO2 control showed a dramatic increase in the amount of evolved H2 under 
UV light (48,000 μmol g-1 hr-1) but no activity under visible light.  
 
C.2.4 - Discussion and conclusions 
 The photocurrent onsets and the Mott-Schottky analysis for TiO2, InVO4, and the 
InVO4:TiO2 composites all agree very well. Thus it can be assumed that the flat-band potentials 
found for the three systems is accurate and can be used as a good measurement of the conduction 
band position, since all three systems are expected to be n-type semiconductors.  
 The conduction band for InVO4 is at approximately 0.05 V vs NHE, more positive than 
the H+/H2 potential, and thus cannot be expected to photochemically produce hydrogen. The 
conduction band for TiO2 is more positive at 0.35 V, which lies just negative of the hydrogen 
potential. TiO2 is well known to photoreduce protons with a suitable cocatalyst.  The composite 
material exhibits a flat-band potential near the InVO4 potential at 0.05 V. 
 By using the bandgap found from the diffuse reflectance and the cathodoluminescence  in 
section C.1.3, the position of the valence band can be estimated. By adding the bandgap energy 
to the ECB, the valence band energy of 2.31 V vs NHE for InVO4 and 3.65 V for TiO2 are found, 
both more positive than the O2/H2O energy (Figure C.11). Thus both systems should be able to 
oxidize water. The composite EVB lies at 2.31 V also, similar to that of InVO4.  
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Figure C.11 Schematic of the band positions of InVO4 (a), TiO2 (b), and InVO4:TiO2 composite. 
 
 The photocatalytic activity of the composite and InVO4 for proton reduction are much 
smaller than that of pure TiO2. This is explained by the averaging of the conduction band energy 
between the TiO2 and InVO4 in the composite. Photoexcited electrons are no longer energetic 
enough for proton reduction in TiO2. The electrons must migrate to the TiO2, as the only 
observed photoemission by cathodoluminescence was from the TiO2. The photoexcited holes 
would be expected to migrate to the InVO4, in which the VB is more positive than the water 
oxidation potential.  
 In general, the tuning of the bandgaps by making composites is shown to be effective by 
this study. The choice of suitable metal oxides for the desired reactivity needs to be carefully 
considered. Since the bands bend significantly at the junction between the two materials, the 
proton reduction material should be selected with a more positive conduction band energy. Since 
the conduction band is primarily composed of the 2p orbitals of oxygen, a different heteroatom 
may be necessary for an efficient proton reduction photocatalyst. 
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